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S U M M A R Y  
In this study, two polarization effects, namely the state of polarization (SOP) and 
polarization mode dispersion (PMD) in optical fibre cable are investigated. The change in 
polarization effects introduces errors in optical fibre communication system. 
We find that the SOP drifts slowly in buried cables, and rapidly in aerial cables. This is 
because buried cables are located in a static environment, whereas aerial cables are 
exposed directly to a dynamic environment. The SOP change in aerial cable shows 
significant correlation with its environment (the global radiation, temperature and wind). 
The autocorrelation function (ACF) was not performed in buried cable, since they do not 
satisfy the ACF assumption, whereas in aerial cable it is found that the ACF of the SOP 
decorrelates quite quickly during the day. The 50 % decorrelation time during the day and 
night are 9.6 and 30.4 minutes, respectively. During the day the properties of the optical 
fibre change rapidly as a result of the rapidly changing environmental conditions, whereas 
at night the environmental conditions change relatively slowly. Fast Fourier Transform 
(FFT) of the SOP fluctuations show discrete peaks, which corresponds to the wind 
induced vibrational frequency of the cable. 
The PMD fluctuations for undeployed and deployed aerial optical fibre cable are 
monitored using the generalized interferometric technique (GINTY). It is found that the 
PMD measured with polarization scrambling is more scattered but more reliable than the 
PMD measured without polarization scrambling. This is because the PMD obtained with 
polarization scrambling is averaged over different input and output (I/O) SOP pairs. For 
deployed aerial cable, it is found that the PMD measured without polarization scrambling 
fluctuates rapidly during high wind speed conditions. Furthermore, there is a correlation 
between the measured PMD and the change in temperature. It is found that the change in 
temperature has a stronger influence than the wind on the PMD of the optical fibre link.  
Keywords: Polarization effect, optical fibre cable, state of polarization, polarization 
mode dispersion, interferometric technique 
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C H A P T E R  1  
INTRODUCTION 
The growth in bandwidth demand has led the telecommunication service providers to 
invest in optical fibre infrastructure to serve the current and future needs of high 
bandwidth. Hence, they are deploying new optical fibre cables to increase their backhaul 
network capacity. However those that possess an existing optical fibre infrastructure are 
looking for the most cost-efficient, reliable, and flexible way to increasing their network 
bandwidth, such as upgrading their optical fibre links. Before deploying a new optical 
fibre link or upgrading an existing optical fibre link it is crucial to understand, 
characterize and assess the polarization effects, e.g. state of polarization (SOP), 
polarization dependent loss (PDL), and polarization mode dispersion (PMD) that may 
influence the performance of an optical fibre communication system.  
PDL mainly occurs in passive optical components, such as isolators, filters and couplers. 
PDL is the maximum peak-to-peak power variation of all possible states of polarization 
(SOPs) in an optical fibre communication system. PMD is a fundamental property of 
single mode optical fibres and optical components and is one of the major limitations on 
ultra-long haul and high speed large capacity transmission. PMD broaden the optical 
signal during transmission and gives rise to distortion and data errors. PMD originates 
from birefringence and the random variation in the axes of the birefringence along the 
optical fibre length. Birefringence in the optical fibre and core noncircularity causes the 
two orthogonal polarization modes of an optical signal within a single mode optical fibre 
to propagate at different velocity. The difference in propagation velocity will split the 
optical signal, hence dispersing and distorting the optical signal as it propagate within the 
optical fibre.. PMD causes adjacent symbols to overlap and becomes undistinguishable in 
the transmission of optical data streams that contains closely spaced symbols. 
Furthermore, in high speed transmission systems carrying digital data, PMD causes the 
adjacent zeros and ones to overlap, which introduce bit stream errors. The effect of PMD 
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on the optical fibre transmission system is not constant over time or distance, even over 
individual optical fibre link, thus PMD effect varies slowly and unpredictable throughout 
the system. The variations result from many factors, such as bending, twisting of fibres, 
lateral stress or pinching of the optical fibre, environmental conditions and pressure 
during installation and operation.  
The variation in environmental conditions where optical fibre cables are deployed has a 
major effect on the PMD of the optical fibre link. Furthermore, it causes the fibre PMD to 
vary randomly in time, making PMD particularly difficult to compensate. This is an 
important issue for service providers with aerial optical fibre infrastructures, since aerial 
optical fibre cable experiences different levels of stress that changes the PMD of the 
optical fibre. On the other hand, buried optical fibre cables are located in a very static 
environment, where the stress on the cable is most fixed at instant time, if there are no 
active external perturbations (e.g. vibration due to humans and trains, for example). This 
makes PMD compensation (e.g. optical, electronic) more challenging in aerial optical 
fibres, since the PMD can change over a short time scale (e.g. millisecond) depending on 
the environmental conditions. The monitoring of the SOP in deployed optical fibre cable 
assist when determining how fast the SOP compensator component of an optical PMD 
mitigation scheme would have to be. When designing an optical PMD compensator, one 
has to know how fast the SOP and PMD changes on deployed optical fibre cables. Thus, 
PMD and SOP changes should be addressed in terms of the environmental changes.  
The Optical Fibre Research Unit in the Department of Physics at the Nelson Mandela 
Metropolitan University (NMMU) is involved in optical fibre characterization, with 
emphasis on the assessment of SOP, PMD, PDL, second-order polarization mode 
dispersion (SOPMD) and first- and second-order PMD compensation, both in the 
laboratory and in the field. We have been working closely with the South African 
telecommunication service provider, Telkom.  
The aim of this study is to assess the effect of environmental changes (such as the global 
radiation as well as the wind and temperature) on the SOP and PMD of optical fibre 
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cables and the effect of cabling on the PMD of the optical fibre link. The environment in 
which the optical fibre cable is deployed plays a major role in determining the SOP of the 
lightwave propagating through the fibre and the PMD of the fibre. This will be 
investigated in a buried and an aerial optical fibre cable to show the effect of the variation 
of environmental conditions on the SOP. PMD measurements were conducted on the 
same aerial optical fibre cable to show the effect of wind and temperature on the PMD of 
the optical fibre.  
In chapter 2 of this dissertation, one of the fundamental properties of a lightwave signal, 
known as the polarization state is described. The Stokes parameters and the Poincaré 
sphere that represent the polarization state are presented. Issues related to PMD, namely 
birefringence and mode coupling are described and explained in chapter 3. The PMD 
vector and second-order PMD are discussed. The autocorrelation function (ACF), and the 
drift time of the SOP and the PMD vector are also examined.  
The PMD measurement techniques are presented in chapter 4. The principles of operation 
of the two interferometric techniques, namely the traditional and generalized 
interferometric techniques, are discussed and explained in detail. Lastly, the uncertainty 
encountered if there is no intentional input and output state of polarization (I/O SOP) 
polarization scrambling performed when measuring PMD using the interferometric 
technique, is discussed. Chapter 5 describes the experimental setup and the instruments 
used to measure the SOP and PMD data presented in this dissertation. 
In Chapter 6 a literature survey on the effects of cabling on PMD of the optical fibre link 
are reported, and the influence of environmental conditions on polarization effects (the 
PMD and SOP) in already installed optical fibre cables are discussed.  
The SOP results obtained in buried and aerial optical fibre cable are presented in Chapter 
7 and the PMD results obtained on the same aerial optical fibre cable and undeployed 
optical fibre cables are presented in chapter 8. 
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 The fluctuation of SOP in buried and aerial cable is presented in chapter 7. The SOP 
change calculated using the SOP data is also shown. The effects of the environmental 
conditions on aerial optical fibre cable are discussed. The ACF of the SOP and the 
fundamental vibration frequency calculated for aerial cable are discussed.     
In chapter 8, the effect of cabling on the PMD of the optical fibre is investigated. The 
variation of PMD in undeployed and deployed aerial optical fibre cable is examined. 
Furthermore, the effect of environmental conditions on PMD of the fibre are presented 
and long term measurement results on aerial optical fibre cable are discussed.  
The conclusions drawn from the results obtained for deployed (buried and aerial) and 
undeployed optical fibre cable are summarized in chapter 9.  
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C H A P T E R  2  
POLARIZATION CONCEPTS 
In an optical fibre communication system, information is transmitted through an optical 
fibre in the form of a lightwave signal. Therefore it is important to know the fundamental 
properties of the lightwave signal. In this chapter one of the properties of a lightwave 
signal known as the polarization state is discussed. Representations of the state of 
polarization (SOP) are discussed in sections 2.2 and 2.3. The Stokes parameters uniquely 
represent the polarization state of a lightwave signal, whereas the Poincaré sphere is a 
three-dimensional graphical tool used to depict all possible polarization states of a 
lightwave signal. 
2.1 General description of a lightwave signal   
The medium (e.g. optical fibre) in which a lightwave signal propagates will influence the 
properties of the transmitted light, such as its polarization state. Polarization is one of the 
fundamental properties of the lightwave signal that changes significantly along the length 
of the optical fibre [1]. It is of great importance in single mode fibres since the fibre 
supports one propagation mode ( 11HE ) that consists of two degenerate orthogonal 
polarization modes. In an optical fibre communication system, polarization has a great 
impact on the transmission of a lightwave signal [2]. This is because single mode optical 
fibres used in telecommunication are not perfectly symmetric. As a result the degeneracy 
is lifted. The difference in speed between the two degenerate orthogonal polarization 
modes results in polarization mode dispersion (PMD) [3], which will be discussed in 
detail in Chapter 4. PMD is one of the major factors limiting high data transmission rates 
(10 Gb/s and above) in optical transmission systems [2].  
A lightwave signal may either be considered to be fully polarized, unpolarized, or 
partially polarized. The light is polarized if it is possible to predict the magnitude and 
orientation of the electric field components as a function of time. For unpolarized light, 
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the electric field components are orientated randomly. A partially polarized lightwave is 
comprised of both fully polarized and unpolarized lightwave. The state of polarization 
(SOP) of any lightwave signal (fully, unpolarized and partially polarized) can be 
described using the Stokes parameters, since it is not convenient to measure the electric 
field components of the lightwave signal. The Stokes parameters are measured by a 
polarimeter.  
2.2 The Stokes parameters 
The Stokes parameters, introduced by Sir Georges Gabriel Stokes in 1852, uniquely 
represent the polarization state of the lightwave signal. Furthermore, the Stokes 
parameters (S0, S1, S2, and S3) contain all the information required to describe the degree 
of polarization (DOP), SOP and the optical power of a lightwave signal. Methods to 
express polarization in terms of the easily measured optical power have been developed. 
The widely used tool is the Stokes vectors. The Stokes parameters are determined from 
the measurements of the optical power transmitted through polarizing filters, and are 
expressed in a vector form as:    
0
1
2
3
S
S
S
S
 
 
 
=
 
 
 
S        2.1 
where each  element has units of the optical power and is described as follows: 
S0 = Total optical power, which includes polarized and unpolarized power 
S1 = Power through LH polarizer – power through LV polarizer 
S2 = Power through L + 45° polarizer – power through L - 45° polarizer 
S3 = Power through RC polarizer – power through LC polarizer 
LH, LV, RC, and LC are abbreviations introduced to denote linear horizontal, linear 
vertical, right circular, and left circular polarizations, respectively. L ± θ, denotes linearly 
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polarized light at a particular angle. The Stokes parameters, S1, S2, and S3 can be assigned 
in terms of a Cartesian axes system, as shown in Figure 2.1.  
 
The amount of optical power of the polarized lightwave signal is expressed as:  
2 2 2
polarized 1 2 3P S S S= + + .      2.2  
The ratios of the Stokes parameters, known as the normalized Stokes parameters, are 
commonly used and are expressed as:  
1
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2
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S
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S
=
=
=
       2.3  
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L + 45°
L - 45°
S2
S3
S1
 
 
Figure 2.1: Orthogonal representations of the Stokes parameters [1]. 
  
8
The normalized Stokes parameters fall in the range of -1 to 1. Similarly, the normalized 
Stokes parameters can be assigned to the xyz - coordinates. The degree of polarization 
(DOP) of a partially polarized lightwave signal is defined as the ratio of the optical power 
of the polarized light to its total power, expressed as:  
polarized
polarized unpolarized
DOP
P
P P
=
+
      2.4 
Furthermore, the DOP can be expressed in terms of the normalized Stokes parameters 
2 2 2
1 2 3DOP s s s= + +       2.5 
If the DOP = 1, the lightwave is fully polarized. Equation 2.5 describes the sphere of unit 
radius. The light is unpolarized if the DOP = 0 and partially polarized if 0.<.DOP <1. 
2.3 The Poincaré sphere  
The normalized Stokes parameters uniquely represent any SOP by a point on or within a 
sphere centred on the rectangular xyz – coordinate system. The sphere is known as a 
Poincaré sphere (shown in Figure 2.2).  
The Poincaré sphere is a three-dimensional graphical tool used to represent fully polarized 
light or the polarized part of a partially polarized lightwave signal [1]. Furthermore, the 
polarization transformation (SOP changes) caused by devices (e.g. optical fibres) in which 
the lightwave signal propagates can be represented on the Poincaré sphere. Fully 
polarized light is represented by a point on the surface of the Poincaré sphere, whereas 
partially polarized wave is represented by a point within the volume of the sphere. The 
DOP of the lightwave signal is given by the distance of the point from the centre of the 
sphere with a range from zero at the origin (unpolarized light) to 1 at the surface of the 
sphere (completely polarized).   
The right- and left-hand circular polarization states are located on the north and south 
poles, respectively. Linearly polarization states are located on the equator and elliptical 
polarization states are continuously distributed between the poles and the equator. Right-
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hand and left-hand elliptical polarization states occupy the northern hemisphere and 
southern hemisphere, respectively [1]. 
 
It can be shown that the following relations hold [4]:  
1 0
2 0
3 0
cos 2 cos 2
cos 2 sin 2
sin 2
s s
s s
s s
χ ψ
χ ψ
χ
=
=
=
       2.6 
where s1, s2, and s3 are regarded as the Cartesian coordinates of a point on a sphere of 
radius s0. The angles 2χ and 2ψ are the spherical angular coordinates of the point on the 
Poincaré sphere. The angle ψ (0 ≤ ψ < π) specifies the orientation of the ellipse, and the 
angle χ ( 4 4pi χ pi− ≤ ≤ ) determines the points of intersection of the polarization ellipse 
with its major axes (see Figure 2.3). Furthermore, χ determines whether the lightwave 
signal is right- or left-handed polarized. If χ is positive, the polarization is right-handed 
2χ
2ψ
s1
s2
s3
z
y
x
P
  
 
Figure 2.2: Poincaré sphere representation after [4], 
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and is represented by a point on the northern hemisphere. However if χ is negative, the 
polarization is left-handed and is represented by a point that lies on the southern 
hemisphere.  
 
The geometrical representation of different SOPs by a point on a Poincaré sphere is very 
useful in an optical fibre communication system for determining the effect of the changes 
in optical fibre properties on the SOP of light traversing along the optical fibre, as will be 
shown in Chapter 7.   
Reference 
1. D. Derickson (Ed.), Fiber Optic Test and Measurement, Prentice Hall, New Jersey, 
1998. 
2. J. Hecht, Understanding Fiber Optics, 3rd Edition, Prentice Hall, New Jersey, 1999. 
3. G. Keiser, Optical Fiber Communications, 3rd Edition, McGraw-Hill, 2000.  
4. M. Born and E. Wolf, Principles of Optics, 7th edition, Cambridge University Press, 
1999. 
Ex
Ey
ψ
χ
 
 
Figure 2.3: The polarization ellipse traced out by electric vector on the xy plane after [4]. 
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C H A P T E R  3  
POLARIZATION MODE DISPERSION 
For the development of a polarization mode dispersion compensator (PMDC), it is 
important to understand how fast the polarization effects (polarization mode dispersion 
(PMD) and state of polarization (SOP)) change in deployed optical fibre cables. In this 
chapter the issues related to PMD namely the origin and causes of PMD, and the different 
ways in which PMD is defined and characterized, are discussed.  Finally, the statistical 
approach used to analyze the output SOP data measured in deployed optical fibre is 
defined. 
3.1 Causes of Polarization Mode Dispersion 
Polarization mode dispersion (PMD) is a fundamental property of single mode optical 
fibres and optical components [1], and is one of the major limitations on high data 
transmission rates (≥10 Gb/s) long haul systems. PMD broaden the optical signal during 
transmission and gives rise to distortion and data errors that lead to system penalties. 
PMD causes adjacent symbols to overlap and becomes undistinguishable in the 
transmission of optical data streams that contains closely spaced symbols. Furthermore, in 
high speed transmission systems carrying digital data, PMD causes the adjacent zeros and 
ones to overlap, which introduce bit stream errors.  
Single mode optical fibre supports one propagation mode ( 11HE ) that consists of two 
degenerate orthogonal polarization modes. In an ideal circular (isotropic) optical fibre the 
two orthogonal polarization modes travel at the same speed. In reality optical fibre used in 
telecommunication exhibits some degree of birefringence resulting from geometrical 
imperfections (non-circular core) during the manufacturing process and/or mechanical 
stress after fabrication. Birefringence in an optical fibre and core noncircularity cause one 
of the two orthogonal 11HE  polarization modes of an optical signal to travel faster than 
the other. PMD in single mode optical fibres originates from birefringence and is 
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complicated by mode coupling. This will be discussed in the two sections below (Section 
3.1.1 and Section 3.1.2, respectively).  Environmental conditions such as temperature and 
wind cause the fibre PMD to vary randomly in time, making PMD particularly difficult to 
compensate. This is an especially important factor for aerial optical cables, investigated in 
sections 7.2, 8.2.2 and 8.3 since they are deployed in a dynamic environment.   
3.1.1 Birefringence 
Birefringence in standard 
telecommunication single 
mode fibre causes one of 
the two orthogonal 
polarization modes of an 
optical signal to travel 
faster than the other 
resulting in a differential 
group delay (DGD ( τ∆ )), 
as shown in Figure 3.1. Birefringence originates from both intrinsic and extrinsic factors 
as illustrated in Figure 3. 2. Intrinsic factors such as noncircular (elliptical) core, cladding 
eccentricity and nonsymmetrical stress fields are accidentally introduced during the 
manufacturing process and are a permanent feature of the optical fibre [2]. Since 
deviations of less than 1% in the circularity and associated stress on telecommunication 
optical fibres have a significant impact on birefringence, more work in optical fibre 
manufacturing has focused on reducing the deviations in the circularity of the fibre 
preform [2]. Birefringence on spooled, cabled, or deployed optical fibre can also be 
introduced by different extrinsic factors, such as bending, twisting of fibres, lateral stress 
or pinching of the optical fibre, as well as environmental conditions and pressure during 
installation and operation. The external factors vary due to the changes in the 
environmental conditions. This makes PMD a stochastic process, only if the environment 
is a stochastic process.  
∆τ
βs
βf
 
 
Figure 3.1: PMD in short birefringence fibre, where τ∆ is the 
differential group delay [2]. 
  
13
To understand the effect of birefringence on a lightwave system, consider a short section 
of the fibre within a long optical fibre span or a short length of a polarization maintaining 
fibre (PM fibre). Suppose that the birefringence is uniform over the entire section to be 
considered and the propagation constants of the slow and fast 11HE  polarization modes 
are sβ and fβ  respectively, as shown in Figure 3.1. The difference in propagation 
constant of the slow and fast modes is expressed as:  
   
ω ωωβ β β ∆∆ = − = − =f effss f
n nn
c c c
     3.1 
where 2ω pi λ= c is the angular frequency of the light, c is the speed of light in vacuum, 
s
n and fn are the effective indices of refraction for the slow and fast modes, and 
eff s fn n n= − is the differential index of refraction where s fn n> . In telecommunication 
fibre, the differential index of refraction ( effn ) is typically within the range of 10-7 to 10-5.   
 
For a short section of fibre, the differential group velocity, described as the group-delay 
per unit length between the slow and fast modes, gives rise to the differential group delay 
(DGD). The DGD is obtained by taking the frequency derivative of the propagation 
constant in equation 3.1:  
( ) eff effn d nd
L d c c d
τ ωβ
ω ω
∆ ∆∆
= ∆ = +       .2 
Fibre Twist Fibre StressFibre Bend
Core StressCladding eccentricity Elliptical fibre design
Extrinsic
Intrinsic
 
 
Figure 3.2: Extrinsic and Intrinsic factors responsible for birefringence in optical fibre  
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The quantity Lτ∆ limits the bandwidth of fibre by broadening the input pulse travelling 
through the fibre and is commonly known as the “short length” or “intrinsic” PMD of a 
fibre. The DGD is linearly dependent on the length of the fibre when the birefringence of 
the fibre is uniform and when there is negligible mode coupling.  
Figure 3.3 illustrates how the birefringence changes the state of polarization (SOP) of the 
lightwave travelling through an optical fibre. Consider the special case of an input 
lightwave with SOP aligned at 45° between the birefringence axes of the fibre as shown 
in Figure 3.3. Birefringence causes the SOP to evolve in a cyclic manner as the light 
propagates through the length of the fibre, from linear to elliptical, to circular and back to 
linearly polarized, etc. The propagation distance during which the SOP rotates through a 
full cycle is defined as the beat length and is used as an alternative to measure the 
birefringence of the fibre. The beat length is given by: 
B
eff
L
n
λ
=
∆
        3.3  
where effn∆  is the differential index of refraction and λ is the wavelength in the fibre.  
The manifestation of PMD in the time domain is shown in Figure 3.1, where the 
differential group delay (DGD) is given by equation 3.2. In the frequency domain, for a 
fixed input SOP, PMD causes the SOP at the output of the fibre to vary with frequency 
[2]. The output SOP traces out a circle on the surface of the Poincaré sphere when the 
wavelength of a fixed input SOP is varied. For a fixed length of fibre, there exists a 
special pair of polarization states at each frequency for which the output SOP is 
independent of the frequency over a small range. These input polarization states are called 
s
β
fβ
90° 180° 270° 360°
Beat length, LB
 
 
Figure 3.3: SOP evolution of a lightwave caused by uniform birefringence.  
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the principal states of polarization (PSPs) [2]. If there is negligible polarization dependent 
loss (PDL), the two PSPs are orthogonal. From Stokes vector description of polarization, 
any output PSP (
outS ) is related to its input PSP ( inS ) by a 3 3× orthogonal rotation matrix 
in Stokes space R  as: 
=
out inS RS         3.4 
Similarly, the unit Stokes vector ˆ sp of the input PSP and pˆ of the output PSP are related 
as follows:  
   
ˆ ˆ
sp Rp=         3.5   
3.1.2 Mode Coupling 
Long fibres used in telecommunication can be considered as a concatenation of 
birefringent sections with birefringent axes that change randomly throughout the fibre 
length as shown in Figure 3.4. Random variation of birefringent axes along the fibre 
results in random polarization mode coupling between the polarization modes, where 
there is an exchange of energy between the adjacent sections. Polarization mode coupling 
results from variations in the fibre drawing process, intentional fibre “spinning” during 
drawing, localized stress during spooling, cabling or deployment, and from splices and 
components.  
 
As a result of mode coupling, the birefringence of each section along the fibre may either 
add or subtract from the total birefringence. For a short length of fibre (uniform 
birefringence) as discussed in Section 3.1.1, the PMD of the fibre accumulates linearly 
with optical fibre length. In the presence of mode coupling, the PMD of the fibre does not 
f
s
f
s
f
s
s
f
 
 
Figure 3.4: Concatenation of birefringent sections, where f is the fast axis and s is the 
slow axis at each birefringence section.  
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vary linearly with the optical fibre length. The PMD of long optical fibre accumulates as a 
three-dimensional random-walk that leads to a square-root of the fibre length dependence 
[3, 4]. Mode coupling is determined by the fibre environment (e.g. variation in external 
stresses, see Figure 3.2). Thus, mode coupling along the optical fibre length varies as the 
fibre environment changes. Furthermore, mode coupling helps to reduce the DGD of the 
optical fibre link. As a result, the DGD of the optical fibre will randomly vary as a 
function of time, wavelength and environmental conditions. Therefore, a statistical 
approach must be adopted when characterizing the PMD of the optical fibre link.  
In presence of the random mode coupling, the DGD (∆τ) follows a Maxwell distribution. 
Thus, the distribution of values of the DGD measured over a wide wavelength range will 
be Maxwellian. Furthermore, if the optical fibre link is acted upon by a changing 
environment, the same distribution will result over time at a fixed wavelength. As a result 
of the variability of the DGD, the PMD of the optical fibre link is expressed statistically 
as either the mean or the rms DGD. The mean and the rms DGD are related as 
follows
1 22 3
8
pi
τ τ∆ = ∆  [1]. 
To distinguish between the “short-length” and “long-length” PMD regimes, the “short-
length” PMD regime discussed in section 3.1.1, is often expressed in units of picoseconds 
per kilometre ( ps km ) of a fibre while for “long-length” PMD regime, the PMD is 
usually expressed in units of picoseconds per square-root kilometre ( ps km ). 
Furthermore, the birefringence and mode coupling also affects the output SOP of the light 
pulse travelling down the optical fibre link. The environment where optical fibre cables 
are installed (buried, submarine, and aerial) influences the changes in the birefringence 
and mode coupling of the optical fibre. Thus the fluctuation of SOP and PMD in buried 
(e.g. ducts), submarine, and aerial optical fibre cable varies in a related timescale 
depending on the change in the environmental conditions [5 - 10]. Buried optical fibre 
cables are located in a very static environment [5, 6], whereas aerial and submarine 
optical fibre cables are exposed directly to a dynamic environment and undergo great 
strain due to wind, tides and temperature fluctuations [7 - 10]. If there are no vibrations 
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that disturb the fibre environment (such as vibration due to trains and human movements), 
the stress on a buried optical fibre cable remains constant. Furthermore, the SOP and 
PMD changes are relatively slow, in order of hours or days.  
The changes in the temperature and wind induce stress in aerial optical fibre cable. The 
change in temperature has a stronger influence on the birefringence and mode coupling 
along the optical fibre link [11]. The temperature changes induce internal stress that 
causes birefringence to depend linearly on temperature. When the temperature changes, 
mode coupling sites may be introduced or disappear along the fibre length due to 
thermal expansion and contraction of buffering and coating materials [11]. Thus the 
PMD of the optical fibre changes due to temperature changes. The stress induced by the 
wind is caused by galloping oscillations [12] and Aeolian vibration [13]. Galloping 
oscillation is when an aerial optical fibre cable is strained by the wind and vibrates [12] 
and it is of great importance since it causes the SOP to fluctuate. Aeolian vibrations are 
induced by gently, steady wind blowing across the cable [14]. They are characterized by 
small amplitude and high frequency (in the order of 10 to 100 Hz), depending mainly on 
the wind speed and the cable diameter [13, 14]. The fluctuation of SOP for aerial optical 
fibre cables is brought about by either the change in birefringence and mode coupling, 
or the geometrical phase (Berry phase) effect [15]. The combined effect of the change in 
PMD (birefringence and mode coupling) and the Berry phase effect on aerial optical 
fibre cable, contributes to the rapid fluctuations of SOP. The rapid fluctuation of SOP 
will make it difficult for a PMD compensator that relies on tracking the SOP to operate 
optimally. 
3.2 The PMD Vector  
PMD can be characterized by the DGD and the PSP, as a vector in a three-dimensional 
Stokes space given by: 
  pˆτ τ= ∆         3.6 
where the magnitude, τ∆ is the DGD between the two PSPs, and pˆ  is a unit vector in a 
direction of the slow PSP. The unit vector pˆ− represents the fast PSP and is oriented at 
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180° from pˆ in Stokes space. The PMD vector at the fibre input inτ
 is related to its output 
PMD vector outτ

 by a 3 3× orthogonal rotation matrix in Stokes space R  as: 
out inRτ τ=
 
        3.7  
The changes in PMD vector with optical angular frequency result in second-order 
polarization mode dispersion (SOPMD) which is expressed as [2]: 
ˆ ˆ
d p p
dω ω ω
τ
τ τ τ
ω
= = ∆ + ∆


      3.8 
where the subscript ω indicates the differentiation with respect to optical angular 
frequency. The first term pˆωτ∆ is a vector parallel to τ

 and the magnitude ωτ∆ is the 
change of the DGD with wavelength. The magnitude of ωτ∆ is responsible for causing 
polarization-dependent chromatic dispersion (PCD), which in the presence of a chirp can 
cause either pulse broadening or compression. The second term pˆωτ∆ , referred to as PSP 
depolarization (or simply depolarization), describes a rotation of the PSPs with frequency. 
Depolarization has negative effects on a first-order PMD compensator and it causes pulse 
distortions [2].  
In an optical fibre communication system, the DGD and the direction of the PSP (thus the 
PMD vector) changes as a function of time, stress, wavelength, temperature, etc. SOPMD 
plays a major role in limiting optical fibre network performance at high bit rates, where 
the PMD vector varies significantly with the bandwidth of the signal.  
3.3 Temporal drift issues 
The need for the network providers to upgrade to high data transmission rates (10 Gb/s 
and above) has lead to the development of various PMD mitigation techniques, such as 
deploying low-PMD fibre and various PMD compensation (PMDC) techniques. The goal 
of the PMDC is to reduce the impact of PMD in the optical fibre. The PMDC must also 
be able to track the dynamic changes in PMD of the optical fibre. The major problem 
encountered when compensating PMD is that PMD changes statistically with time at 
different time scales (the temporal drift time) as a result of the changes in environmental 
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conditions (temperature, wind speed, global radiation, etc.). It is important to find the 
temporal drift time of the PMD vector and the output SOP in installed optical fibre, 
because they provide information about the speed required of the PMDC. The PMD of the 
fibre fluctuates randomly with time, due to mechanical vibrations and temperature 
changes, with the drift time ranging from hours or days for buried optical fibre cables, [5, 
16] to milliseconds on submarine and aerial optical fibre cable [6 -10]. The fluctuation of 
SOP has been studied on buried and aerial optical fibre cables. It was shown that SOP 
drifts slowly (order of hours or days) in buried optical fibre [16], and order of 
milliseconds in aerial optical fibres [10].  
The autocorrelation function (ACF) is a tool used to quantify the statistical properties of 
the PMD vector and output SOP. Information regarding the required speed of the PMDC 
can be obtained from the temporal ACF of the SOP [17] and PMD vector [18]. The 
temporal ACF between two output SOPs at a fixed wavelength was derived theoretically 
by [17] as: 
( ) ( )1 2ˆ ˆ exp
d
t
s t s t
t
 − ∆
• =  
 
     3.9 
where sˆ is a vector representing the output SOP as a function of time, 1 2t t t∆ = − and dt  is 
the typical drift time for the output SOP. The typical drift time differs from fibre to fibre 
and has to be measured. Equation 3.9 is applicable only under the following 
circumstances: (i) in strong mode coupling regime, where the PMD grows with the square 
root of the fibre length, and (ii) when the main cause of the temporal drift is the 
temperature variation in the refractive index difference between fast and slow polarization 
modes [17].  
The PMD vector ACF is derived theoretically by [17, 18] and is expressed as:   
( ) ( ) 21 2
1 exp
d
d
t
t
t t
t t
τ τ τ
 − ∆
−  
 
• = ∆
∆
 
    3.10 
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If the 50% decorrelation of the PMD vector ACF is equal to 0.5, then the correlation time 
of the PMD vector is 2.3 times the correlation time of the output SOP. This implies that 
the PMD vector fluctuates much slower than the SOP. It was also shown experimentally 
in [17] that the SOP decays faster than the PMD vector.    
The average drift time of both the SOP and the PMD vector of an installed optical fibre 
can be obtained from the parameter dt . It is shown [17] that the parameter dt depends on 
PMD through the following expression: ( )2 2
0
2 3d tt ω τ∆=  where ω  is the carrier 
frequency, ∆τ is the differential group delay and 0t is a measure of the drift time of the 
index difference in the birefringence element used to model the optical fibre. 
Furthermore, this expression implies that rapid drift will be obtained in long and high 
PMD optical fibres.   
The temporal ACF of the SOP at a fixed wavelength can be calculated from [10]:  
( ) ( ) ( )( )1
0
1
ˆ ˆ
N
t
R t s t s t t
N
−
=
∆ = • + ∆∑      3.11   
where sˆ is the output SOP as a function of time and N is the total number of data points 
over the measurement period. The 50% SOP decorrelation time was introduced by [10] to 
illustrate how fast the temporal ACF decorrelates over time. The 50% decorrelation time, 
the time over which the temporal ACF of the SOP falls to 0.5, is defined as:  
1 2
max min
1
t
t t
−
−
        3.12 
where 1 2t is defined when the ACF falls below 0.5 and max mint t− is the period of time over 
which the ACF is performed. 
In addition, the angle between two output SOPs at time instances t and t t+ ∆ for a fixed 
wavelength can be calculated as [19, 20]: 
( ) ( ) ( )( )ˆ ˆ, arccost t s t s t tγ ∆ = • + ∆      3.13 
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where ( )sˆ t and ( )sˆ t t+ ∆ correspond to the measured output SOP at time t and t t+ ∆  
respectively. The histogram can be generated using the results obtained from equation 
3.13 with a fixed time t∆ between two output SOPs. The histogram obtained is very 
useful when determining how fast an SOP compensator component of an optical PMD 
compensator must respond [20].    
Equations 3 .11, 3.12 and 3.13, will be used in Chapter 7, as an indication of the 
behaviour of the output SOP, and the degree of correlation of the output SOP measured 
over an extended period in buried and aerial optical fibre.     
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C H A P T E R  4  
POLARIZATION MODE DISPERSION MEASUREMENT 
TECHNIQUES 
The need to accurately characterize and assess the impact of PMD in optical fibres has led 
to the development of many PMD measurement methods. The PMD measurement 
methods are broadly classified as time domain or frequency domain techniques. The 
frequency domain techniques (fixed analyzer [1], Jones matrix eigenanalysis [2], and 
Poincaré sphere analysis [3]) measure PMD by detecting the changes of the output 
polarization state as a function of frequency, whilst the time domain techniques 
(modulation phase shift method [5] and interferometric method [4, 6]) determine PMD by 
measuring the delay between the two orthogonal polarization modes of the propagating 
pulse. The coherence time (Tc) of the light source used plays a crucial role in 
distinguishing between the different measurement methods. In the frequency domain, the 
coherence time of the light source Tc is greater than the differential group delay (∆τ) 
being measured, i.e. (Tc > ∆τ). In the time domain, the coherence time of the light source 
Tc is less than the differential group delay (∆τ) being measured, i.e. (Tc < ∆τ) [7]. This 
chapter focuses on the interferometric techniques used to measure the PMD results that 
will be presented in chapter 6.     
4.1 The Interferometric Technique 
The interferometric technique (INTY) is the most commonly used time domain method to 
determine the PMD of deployed optical fibre since it is tolerant of movement along the 
fibre path during measurement, and it is not time consuming. It is based on the Michelson 
interferometer shown in Figure 4.1. There are different variations of the interferometric 
techniques used to determine PMD: the traditional interferometric technique (TINTY) [4] 
discussed in section 4.1.1, and the improved generalized interferometric technique 
(GINTY) [6, 8, 9] discussed in section 4.1.2. TINTY uses only one detector whilst 
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Figure 4.1: Basic Michelson Interferometer 
 
GINTY employs two detectors that analyse the two orthogonal components of the 
interferogram.  
Consider a basic Michelson 
interferometer as shown in Figure 4. 1, 
it splits the light beam from the 
broadband light emitting diode (LED) 
into two parts of equal intensity and 
couples them into the two arms of the 
interferometer. The light from both 
arms is returned to the splitter and 
recombined to produce an interference 
pattern. The interference patterns come about when the optical delay of the two arms 
differs by less than the coherence time of the source. The coherence time is defined as: 
2
cT
c
λ
λ= ∆         4.1 
where λ is the central wavelength of the source, ∆λ is the width at full width half 
maximum (FWHM) and c is the speed of light in vacuum[6]. This expression shows the 
inverse relationship between the spectral width and the coherence time of the source.   
4.1.1 The Traditional Interferometric Technique 
The interferometric technique (INTY) that determines the PMD of the fibre under test 
(FUT) differs from the conventional Michelson interferometer by having a polarizer 
(called an “analyzer”) placed before the interferometer as shown in Figure 4.2. The setup 
comprises the broadband source, the FUT (for example single mode fibre), the analyzer, 
the interferometer and the detector. The light with the state of polarization (SOP) 0sˆ is 
launched in through the input of the FUT, and the output light from the FUT having the 
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Figure 4.2: Traditional interferometric technique (TINTY) 
measurement setup indicating input SOP (at FUT input) 0sˆ , 
output SOP (at FUT output) ( )sˆ ν , optical spectrum at FUT 
input ( )νP , optical spectrum at FUT output ( )0P ν , optical 
spectrum at analyzer input ( )P ν , Michelson interferometer, 
beam splitter and a detector. 
SOP ( )sˆ υ  and the power ( )0P υ  that is dependent on the frequency υ passes through the 
analyzer to the interferometer.  
When measuring the 
PMD of the FUT, the 
movable mirror is scanned 
from mirror position x1 to 
mirror position x2, while 
the interferogram is 
generated at the detector 
by recording the 
photocurrent as a function 
of the path delay between 
the two arms. Interference 
is observed at the detector 
only if the time delay 
between the two arms matches a delay generated in the FUT to within the coherence time 
of the source. The PMD of the FUT is extracted from the autocorrelation interferogram 
generated at the detector. There are different algorithms used to analyze the interferogram 
for a non-mode coupled device such as polarization maintaining fibre (PMF) and a mode 
coupled device such as long fibre.  
Figure 4.3 (a) shows the interferogram for a non-mode coupled device such as a length of 
polarization maintaining fibre. The interferogram features the central coherence peak 
known as the autocorrelation peak (ACP), corresponding to the autocorrelation of the 
source, and two satellite coherence peaks, one at each side of the autocorrelation peak.  
The autocorrelation peak originates from the interference of light from the interferometer 
arms that travels the same path in the FUT, and it occurs at the balanced mirror position 
since there is no delay difference between the light from different arms. One satellite peak 
is produced by interference between the slow-mode light travelling in the fixed mirror 
path and fast-mode light delayed by the moveable mirror, and the other satellite peak is 
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produced by interference between the fast-mode light travelling in the fixed mirror path 
and slow-mode light travelling from the moveable mirror in the opposite direction. The 
time separation between the ACP and either of the satellite peaks is the differential group 
delay (DGD) of the FUT [6, 10].  In a non-mode coupled device, the PMD delay is 
equivalent to the DGD [6, 8] given by: 
2 L
c
τ
∆∆ =         4.2   
where ∆L is the moving path of the optical delay line between the separation of the two 
satellite peaks and c is the speed of light in free space.  
 
Figure 4.3 (b) shows the autocorrelation interferogram of a randomly mode coupled 
device (14.2 km single mode fibre, deployed aerial from St Albans to Rocklands 
exchange centre). The interferogram contains multiple peaks that result from interference 
between the polarization modes which arise from random mode coupling in single mode 
fibres. The ACP gives no information about the strength of the PMD and it is removed 
before the Gaussian is fitted to the interferogram. The PMD in a randomly mode coupled 
device is determined by directly fitting a Gaussian curve, or computation of the second 
moment [6] and it is given by: 
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Figure 4.3: (a) The interferogram collected from (a) polarization maintaining fibre and (b) single 
mode aerial fibre (14.2 km from St Albans to Rocklands station outside Port Elizabeth).  
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τ σ∆ =
1 32 2
4
        4.3 
where σ is the standard deviation of a Gaussian fit to the interferogram. 
There are several assumptions made when determining the PMD using TINTY to 
measure PMD in deployed fibre: (a) the FUT has ideal random mode coupling and the 
birefringence axes are distributed evenly with L/h → ∞  where L is the FUT length and h 
is the polarization coupling length, (b) PMD is much larger than the coherence time of the 
source, (c) the source used must have a Gaussian spectrum, (d) analyzed envelope must 
be equal to the unrealizable average and the measured PMD must be equal to the 
statistical RMS DGD not a wavelength average [6, 9]. The interferogram obtained from 
TINTY are not always Gaussian and any deviation from the Gaussian curve is not 
specified in TINTY by how much the results may be off target like in the case of mixed 
mode coupling and if the output spectrum used is narrow or shows a dip and has ripples 
[9]. When determining PMD using GINTY all the assumptions made in TINTY are 
eliminated. The only assumption made with GINTY is that the FUT has linear response 
and exhibits negligible polarization dependent loss (PDL) [9].   
4.1.2 The Generalized Interferometric Technique 
The generalized interferometric technique (GINTY) is an improved measurement method 
developed by EXFO [9]. GINTY has a slightly modified setup and incorporates different 
analysis of the interferogram from the one used by TINTY.  
GINTY eliminates all the assumptions made when using TINTY for determination of  the 
fibre PMD. For any coupling regime and for any output spectrum whether narrow, or 
showing ripples and dips, the results obtained from GINTY remain mathematically exact 
[9]. 
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Figure 4.4 shows the block diagram of a typical GINTY setup used to measure the fibre 
PMD [9]. The setup consists of a polarized broadband source, FUT, the Michelson 
interferometer, polarization beam splitter (PBS) and the two detectors.  
 
The polarized broadband light is coupled into the FUT and the output light is then 
launched into the interferometer. The PBS splits the recombined light from the 
interferometer into two interferogram components xP ( )τ  and yP ( )τ , having mutually 
orthogonal states of polarization (SOP). The two interferogram components are then 
detected by photodetectors. The cross-correlation envelope CE ( )τ and the auto-correlation 
envelope AE ( )τ  are extracted from the interferograms and are used to compute the PMD 
of the FUT. CE ( )τ and AE ( )τ are obtained by computing the difference and the sum of the 
interferogram components xP ( )τ  and yP ( )τ  respectively.  
x yAE ( )= P ( )+P ( )τ τ τ         4.4 
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Figure 4.4: A Block diagram of the experimental setup for measurements using GINTY.  The set-
up consists of a polarized broadband source, FUT, Michelson interferometer, polarization beam 
splitter (PBS), and two detectors (after [9]). 
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x yCE ( )= P ( )-P ( )τ τ τ        4.5 
where xP ( )τ  and yP ( )τ  are the two interferograms as a function of the delay difference τ 
between the two arms of the interferometer [6].  
The PMD of the FUT is deduced from the cross-correlation CE ( )τ and the auto-correlation 
AE ( )τ  envelopes according to the expression:  
  ( )2 203PMD= 2 σ σ−        4.6 
where σ is the RMS width of the squared cross-correlation envelope 2CE ( )τ  and σ0 is the 
RMS width of the squared auto-correlation envelope 2AE ( )τ . σ and σ0 can be calculated 
as:  
  
2 2
C2
2
C
E ( )d
E ( )d
τ τ τ
σ
τ τ
=
∫
∫
       4.7   
2 2
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0 2
A
E ( )d
E ( )d
τ τ τ
σ
τ τ
=
∫
∫
       4.8 
In order to obtain a more complete interferometric envelope, the mean envelope for 
TINTY or the mean-squared envelope for GINTY, multiple I/O SOPs may be used with 
either TINTY- or GINTY-based measurement systems. Thus a large ensemble of input 
and output (I/O) SOP combinations must be used. This is achieved by using polarization 
scramblers at the FUT input and output. The polarization scrambler is a device that 
transforms the input SOP of the light into different output SOPs [11]. Furthermore, this 
can also be achieved by the FUT itself if it is installed in the dynamic environment (e.g. 
aerial optical fibre cable). The movement of the optical fibre cables as a result of the wind 
and the changes in birefringence and mode coupling along the optical fibre link due to the 
change in environmental conditions have similar effects to the SOP changes like 
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polarization scrambling. If the FUT is unstable (deployed in a dynamic environment), the 
SOP changes. If a large ensemble of input and output states of polarization (I/O SOPs) 
combinations are used, equation 4.7 and 4.8 are modified as follows: 
  
2 2
C2
2
C
E ( ) d
E ( ) d
τ τ τ
σ
τ τ
=
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∫
       4.9 
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0
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σ
τ τ
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∫
       4.10 
where σ is the RMS width of the mean-squared envelope 2CE ( )τ  of the cross-correlation 
envelope and σ0 is the RMS width of the mean-squared envelope 2AE ( )τ  of the auto-
correlation envelope.    
4.2 Single-scan uncertainty 
The PMD measured using the interferometric technique (TINTY or GINTY) depends on 
the I/O SOP combination of the light to and from the fibre link. If no intentional 
polarization scrambling is performed, not all segments of the FUT contribute to the 
measured PMD. Furthermore, if the FUT is stable and if the I/O SOPs are not changed, no 
additional information can be obtained from the FUT even when several measurements 
are taken with the same I/O SOP pairs. If the output SOP is fixed, it is possible that the 
output SOP might be aligned orthogonally to the analyzer axis, hence there will be no 
signal detected and zero PMD value is given by the instrument. The uncertainty 
associated with a single measurement with only one I/O SOP pair is given by equation 
4.11 and 4.12 for GINTY and TINTY (PMD>> Aσ ), respectively [6]. 
single 2
A
8 1PMD 1-
3 1 PMD1
4
σ
pi
σ
 
=  
   
+  
 
    4.11 
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A
single ~ 0.55 PMD PMD
σ
σ × ×      4.12 
where σA is the autocorrelation of the source. The uncertainties given by equation 4.11 
and 4.4 are encountered if there is no intentional polarization scrambling performed and if 
the FUT is stable (no SOP fluctuations). This uncertainty has nothing to do with the 
statistical nature of PMD and it is not the uncertainty of the interferometric method [9]. 
To improve the precision of the PMD results obtained from the interferometric technique, 
I/O SOP polarization scrambling must be performed. Furthermore, to reduce the 
uncertainty associated with performing a single-scan interferometric PMD measurement 
using only one I/O SOP pair [6], many combinations of I/O SOP pairs must be analyzed. 
The I/O SOP can be randomly or continuously changed by physically inserting 
polarization scramblers as shown in Figure 4.6, one at the input and one at the output of 
the FUT. For a stable FUT, if polarization scrambling is performed intentionally, there are 
fluctuations on PMD readings about the mean [12]. These fluctuations of PMD readings 
are due to different SOPs being used, and are not from a change of the fibre PMD. If 
random polarization scrambling is performed, the uncertainty is reduced by a factor 
1/N1/2, where N is the number of I/O SOP pairs.  
The environment where optical fibre cables are installed (buried, duct, submarine and 
aerial) has a major effect on the fluctuation of SOP and PMD. The SOP on buried optical 
fibre cable change slowly (of the order of hours or days) since they are in a static 
environment, whereas for aerial cable there are fast SOP fluctuations [13, 14] due to cable 
movement resulting from wind and temperature changes as will be shown in Chapter 7. 
Since aerial optical fibre cables are deployed in a dynamic environment, the fluctuation of 
SOP results from both a topological phase effect (Berry Phase) [15] as well as from 
changes in fibre birefringence and mode coupling. In addition to intentional I/O SOP 
polarization scrambling, aerial optical fibre cables provide unintentional “self-
scrambling” due to Berry Phase as well as the change in birefringence and mode 
coupling.  
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C H A P T E R  5  
MEASUREMENT SETUPS 
This chapter describes the experimental setups and the instruments used in monitoring the 
SOP and PMD in the fibre. The fluctuation of SOP was monitored using the Adaptif 
A1000 polarimeter, whereas the fluctuation of PMD was monitored using the EXFO 
FTB-5500 and the FTB-5500B PMD analyzers. The SOP and PMD results obtained will 
be presented in Chapters 7 and 8, respectively. 
5.1 Characterization of Optical Fibre Links 
Before monitoring the 
fluctuation of SOP and PMD 
in any optical fibre link, the 
optical fibre link were 
characterized using the optical 
time domain reflectometer 
(OTDR) to check whether 
there were any breaks along 
the fibre link and to measure 
the length of the fibre link. 
Figure 5.1 shows a photograph 
of the EXFO FTB-400 
universal test system, with the 
EXFO FTB-7000 OTDR module and the EXFO FTB-5500 and FTB-55000B PMD 
analyzer modules mounted on it.  
5.2 SOP Monitoring 
Figure 5.2 shows a block diagram of the experimental configuration used in monitoring 
the output SOP of deployed optical fibre cables. The setup consists of an Agilent 8164A 
OTDR
GINTY
TINTY
GINTY: Generalized interferometric technique
TINTY: Traditional interferometric technique
 
Figure 5.1: The EXFO FTB-7000B OTDR module (top), FTB-
5500B (middle) and FTB-5500 PMD analyzer module 
(bottom) mounted in the EXFO FTB 400 universal system. 
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tuneable laser source (TLS), fibre under test (FUT), Adaptif polarimeter and the control 
computer for data processing.  
 
Light with a fixed wavelength of 1550 nm was launched into the FUT. When light with a 
fixed input SOP travels through the FUT, its relative output SOP undergoes changes. 
These changes result from both topological effects (Berry Phase), [1] as well as from 
birefringence and mode coupling in the FUT. The patchcord connecting the tuneable laser 
source to the FUT, and connecting the FUT to the polarimeter were taped down at regular 
intervals to prevent patchcord movement from contributing to SOP changes. The 
monitored SOP changes thus result from only the FUT.  
The Adaptive A1000 commercial polarimeter measures the Stokes Vectors (three Stokes 
parameters (S1, S2, and S3) and the degree of polarization (DOP)) of the incident light at a 
sampling rate of 500 Hz – 1 MHz. This instrument was used to detect the change in the 
output SOP. A computer equipped with a National Instruments PCI-GPIB acquisition 
card and Labview code1 was used to collect and to save the output SOP data monitored 
over a fixed period. The output SOPs were saved for further analysis as described in 
Section 3.3.  
The SOPs were measured on (a) a 14.4 km buried single-mode optical fibre cable 
connecting the Sidwell and Linton Grange Telkom transmission exchange centres in Port 
                                                 
1 The author extends his thanks to T. B. Gibbon for assistance with the programming of the Labview 
data acquisition code to gather the output SOP results presented in this study.   
 
Polarimeter
TLC
FUT
Data processing 
Unit
S
 
 
Figure 5.2: Block diagram of the experimental set-up used to monitor the fluctuation of the SOP 
on the FUT. 
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Elizabeth, and (b) a deployed 7.1 km loose tube aerial cable linking St Albans Telkom 
exchange and Rocklands Telkom exchange containers, outside Port Elizabeth. These 
results are presented in Section 7.1 and Section 7.2, respectively.  
5.3 PMD measurement setups 
Figure 5.3 shows the experimental setup used to monitor the fluctuation of PMD on aerial 
optical fibre cable. The fluctuation of PMD was monitored on the same aerial optical fibre 
cable used in the previous section for SOPs. The setup consists of an EXFO FLS 5800 
polarized broadband source covering the C- and L-band (1530 - 1625 nm), the FUT, a 
3dB 1 × 2 (50/50) beam splitter and PMD analyzers using the TINTY (EXFO FTB-5500) 
and GINTY (FTB-5500B [2]) techniques discussed in Section 4.1.1 and Section 4.1.2 
respectively. The PMD analyzer modules were mounted in the EXFO FTB-400 universal 
test system as shown in Figure 5.1. The EXFO FTB-5500 and FTB-5500B PMD 
analyzers both use the interferometric method approved by the Telecommunication 
Industry Association (TIA) [3].   
 
The EXFO FTB-5500 PMD analyzer has a measurement range of 0.1 - 115 ps and an 
accuracy given by: 
 
21 PMD0.17 0.05 ps
2 N
σ
 
= × +  
 
      5.1 
Polarization 
Scramblers
Beam 
Splitter
TINTY
GINTY
Broadband Source
FUT
 
 
Figure 5.3: Block diagram of the experimental set-up for monitoring PMD: polarized broadband 
source covering the C- and L-band (1530-1625 nm), 50/50 beam splitter and the interferometric 
PMD analyzers (TINTY and GINTY). 
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where N is the number of measurements at different polarization states. On the other 
hand, the EXFO FTB-5500B PMD analyzer has a measurement range of 0 - 115 ps and 
the accuracy of the interferometer is expressed as: 
 ( )0.020 2%PMDσ = ± + .      5.2 
When polarization scramblers were required, automatic polarization scramblers were 
inserted before and after the optical fibre link as shown in Figure 5.3. The polarization 
scramblers used in this study were the EXFO IQS-5100B [4] polarization scramblers 
mounted in the EXFO IQS 510P Intelligence Test System. 
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C H A P T E R  6  
LITURATURE SURVEY 
In an optical fibre communication system, the major issues affecting polarization mode 
dispersion (PMD) are the optical fibre manufacturing process and the environment where 
the optical fibre is deployed. In this chapter the findings by different research groups on 
the effects of cabling on PMD of the optical fibre are reported in section 6.1 and the 
influence of environmental conditions on polarization effects (PMD and state of 
polarization (SOP)) in already installed optical fibre cables are discussed in section 6.2. 
6.1 The effect of cabling on the PMD of the optical fibre 
Various research groups [1 - 5], have investigated the effect of cabling on PMD. Some 
groups have found that there is no change in PMD before and after cabling process [1], 
while other groups have found that there is an increase in PMD after the cabling process 
[2 - 4], and still others have found a decrease in PMD after cabling [3,5].  
Judy et al. [1] showed that there is no significant change in PMD values measured on bare 
optical fibre on a shipping spool and on an optical fibre cabled into a central tube cable.  
It was shown in [2] that the PMD of the fibre increases after the cabling process. They 
found that the increase in PMD of the fibre is attributed to longer mode coupling lengths 
in the cabled fibre as compared to that of bare fibre on shipping spools. They found that, 
for the cable investigated, the coupling length of the optical fibre after cabling is 50 times 
larger than for spooled optical fibres.  
Gaillard et al. [3] evaluated the effect of loose tube cabling on PMD. They found that 
spooled high PMD fibre showed an increase in PMD after cabling. Furthermore, their 
results showed that there is stability in the PMD of fibre that has low intrinsic PMD. 
Similar results were obtained in [4]. Their results indicate there is no significant increase 
in the PMD measured before and after cabling for fibre with low PMD.  
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It was shown in [5], where the PMD was measured using the interferometric technique 
before and after the cabling process, that there is an increase in PMD after cabling. They 
measured the PMD of each fibre at different stages, (i) bare fibres, (ii) fibres in loose 
tubes, and (iii) fibre in a cable. Their results show that the PMD changes during the 
cabling process of loose tube cables. They also show that fibres with an intrinsic PMD 
above or around 0.1.ps/km½ are more sensitive to external perturbations, such as 
temperature.  
The effect of cabling on PMD will be shown in section 8.1. The results obtained agree 
well with [4, 5] that there is no significant increase in PMD as a result of the cabling 
process for low PMD fibre.   
6.2 The polarization effects on deployed optical fibre cable 
An important issue in optical fibre communication systems is the variation of polarization 
effects (such as PMD and state of polarization (SOP)) as a result of the changes in the 
environmental conditions. The environment where the optical fibre is deployed (buried, 
submarine or aerial) plays a major role in determining the fluctuations of polarization 
effects [6]. This will be shown in Chapter 7 and 8 for buried and aerial optical fibre 
cables. Poole et al. [8] monitored the fluctuation of bit-error-rates over a 16-hour period. 
Their results show that the change in PMD induces fading in both coherent and direct 
detection systems. The fluctuations of PMD and SOP on buried, submarine and aerial 
cable have being investigated by different research groups [7 9, 10 - 14]. The change in 
PMD is caused by the changes in birefringence and mode coupling as a result of the 
fluctuation in environmental conditions [2, 7, 15]. The SOP fluctuation in optical fibre 
cable is induced by either the Berry phase effect [16] or the changes in birefringence and 
mode coupling of the optical fibre link.  
In 2005, [17] monitored PMD over 73 days in an installed G.652 fibre infrastructure, in a 
metropolitan network using Jones Matrix Eigenanalysis (JME) method. They found that 
the differential group delay (DGD) remains quite constant over 20 days, however an 
abrupt change in the DGD profile suddenly occurs (>20.day). They found that the change 
in the DGD profile occurred during maintenance of the infrastructure. Furthermore, they 
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observed a daily oscillation of the frequency-averaged DGD. This is attributed to 
temperature changes. Similar results were obtained by Brodsky et al. [18]. They 
monitored PMD on 80 km buried optical fibres using the traditional interferometric 
technique (TINTY). Their results show that as time evolves the measured mean DGD 
changes. Furthermore, the change in the measured mean DGD tracks the ambient 
temperature, and the amplitude of variations differs from fibre to fibre.       
The time evolution of PMD was monitored using the Poincaré sphere method in an 
optical fibre installed in a duct by de Angelis et al. [19]. They show that temperature 
strongly affects the time evolution of PMD. Furthermore, they show that strong 
fluctuations of the DGD and the Stokes parameters occur during sunset and sunrise. This 
is attributed to temperature differences during the day and in the evening.  
Using JME method, the time evolution of DGD in a 120 km installed submarine optical 
fibre cable was monitored by [11]. They show that the changing time scale of the DGD in 
a 120 km cable is about a few hours. Furthermore, they show that the SOP changes very 
slowly.    
The SOP and DGD measurements were conducted by Zhang et al. [20] in submarine 
fibres. They observe that most of the fast DGD changes occur during the day time while 
the slow changes occur overnight. They show that the autocorrelation function (ACF) of 
the SOP during the day decays faster than the ACF of the SOP during the evening. This is 
attributed to the cable generally being in a more static environment during the night. 
Furthermore, they show that the ACF of the SOP decays faster than that of the DGD, and 
this was supported by theory and experimental data. Using the SOP data and Fast Fourier 
Transform (FFT), the characteristic frequency of the cable vibration induced by a deep 
ocean wave was obtained. The characteristic frequency observed during the day was 6.5 × 
10-4 Hz and for the night it was 2 × 10-4 Hz. Further more, they monitored the time 
evolution of the PMD in a submarine optical fibre cable using JME by Zhang et al. [21]. 
They reported that the SOP data takes “random walks” on the Poincaré sphere, resulting 
in a uniform coverage of the Poincaré sphere. Furthermore, they show that the fluctuation 
of polarization effect correlates with tides and sun radiation.  
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PMD changes were monitored in a 24.4 km long buried optical fibre cable and 48 km 
long aerial optical fibre cable by Cameron et al. [12] using the interferometric method. 
Their results show that the time scale of PMD change in buried cable is between 60 and 
90 minutes, whereas for aerial cable is about an hour if the temperature changes slowly, 
and 5 minutes if the temperature changes rapidly. This is because aerial optical fibre 
cables are subjected to large and fast environmental condition changes, while buried 
optical fibre cable are in a more static environment.  
The SOP was monitored every 1.3 ms for 7 days by Kim et al. [22] in 120 km optical 
ground wire. Their results show that there are fast and slow periodic oscillations of SOP 
on the aerial link. Furthermore, they determined the frequency component of the fast and 
slow oscillations by performing a FFT on the measured SOP. Their results show that the 
fast periodic oscillation originates from the Faraday rotation caused by the current in the 
electrical power transmission lines, while the slow periodic oscillations are caused by the 
wind and the pendulum motion of the optical ground wire.  
The SOP was measured on a 34 km aerial optical fibre cable over a six day period by 
Waddy et al. [23]. Their results show that fast SOP fluctuations occur during the day and 
slower changes occur in the evening. During the day the sun heats the optical fibre and the 
wind induces strain on the fibre, while in the evening the fibre is in a more stable 
environment. The same group [24] measured the SOP on a 166 km buried optical fibre 
and a 34 km aerial optical fibre separately. Their results show that the SOP changes 
slowly on buried optical fibre cable and faster on aerial optical fibre cable. Fast SOP 
changes in aerial cable are attributed to the changes in the environmental conditions and 
PMD. Furthermore, they show that in buried optical fibre the Poincaré sphere is not fully 
cover and the light seems to take long “random walks”, whereas in aerial optical fibre the 
sphere is fully covered and bias is clearly observed on the right side of the sphere.  
The SOP was collected at an interval of 10 ms for 7 days in an aerial optical fibre cable by 
Waddy et al. [25].  They found that the Poincaré sphere was fully covered, and the SOPs 
were not distributed evenly throughout the Poincaré sphere. Furthermore, bias was 
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observed at the bottom of the sphere. This was attributed to bias in the climate of the 
earth.  
The fluctuation of SOP was monitored on an aerial optical fibre cable by Waddy et al. 
[26]. They show that fast SOP fluctuations occur during the day and slower changes occur 
during the night. The fastest 50 % decorrelation time obtained is 30 milliseconds. Fast 
SOP fluctuations were attributed by the high wind speed and temperature gradients. In 
section 7.2, the effect of temperature and wind speed in the fluctuation of SOP will be 
discussed. 
In chapter 7, the variation of the SOP in buried and aerial optical fibre cable is 
investigated. The SOP is shown to fluctuate slowly in buried optical fibre and faster in 
aerial optical fibres. The results are in good agreement with reference [23 - 25]. However, 
in aerial optical fibres there are two patterns of SOP fluctuations: rapid fluctuation with 
large amplitudes observed during the day and rapid fluctuations with small amplitudes 
observed in the evening. In section 8.2, the impact of environmental conditions on the 
PMD of a deployed aerial cable will be assessed.  
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C H A P T E R  7  
STATE OF POLARIZATION IN DEPLOYED OPTICAL FIBRE 
CABLES 
For the design of a polarization mode dispersion compensator (PMDC) for already 
installed optical fibre, it is important to know the fluctuation characteristics of the 
state of polarization (SOP). This is because the SOP changes as a result of either the 
Berry phase (geometric phase) effect or polarization mode dispersion (PMD).  PMD 
has its origins in birefringence and mode coupling. PMD is not a static phenomenon, 
and it changes due to temperature changes and mechanical vibrations. 
In this chapter, the fluctuation of the states of polarization (SOPs) monitored in buried 
and aerial optical fibre cables are presented in sections 7.1 and 7.2, respectively.   
7.1 The SOP measurements in buried optical fibre cable 
The fluctuation of SOPs was monitored on a 14.4 km buried single-mode optical fibre 
cable connecting Sidwell and Linton Grange Telkom transmission exchange centres in 
Port Elizabeth. Two optical fibres were looped at the Linton Grange exchange to form a 
28.8 km link. The SOPs were measured using the setup shown in Figure 5.2. The tuneable 
laser source (TLS) and the polarimeter were placed at the Sidwell Telkom exchange. The 
experiment was set to run from Friday afternoon to Monday afternoon, this was to 
minimize patchcord disturbance from movements by exchange staff. The PMD value of 
the fibre under test (FUT) was 3.49 ± 0.62 ps, as measured using the interferometric 
technique discussed in Section 4.1.2.   
Figure 7.1 (a) shows the time evolution of the SOP collected from the buried optical fibre 
link. The data consists of 230903 SOPs, measured every 1.2 seconds. The results show 
that the SOPs drift slowly over time (of the order of an hour), since the fibre is secured 
underground, where the stress is fixed at each instant. However there are rapid SOP 
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fluctuations observed around the 9, 11, 14.9 and 67 hour marks. These rapid SOP 
fluctuations occurred as a result of the external perturbations (such as vibration due to 
humans) that slightly disturbed the patchcord. When the patchcord is disturbed, the path 
of the light also changes, and this causes the SOP to change drastically. This change is 
due to Berry phase [1], which is a global topological (geometrical-phase) effect that is 
independent of the medium properties (e.g. optical fibre, patchcord, etc.) and depends 
simply on the direction of the light path. 
 
 Figure 7.1 (b) shows the expanded region of the SOP fluctuation around the 14.9 hour 
mark. The plot consists of the SOP oscillations with small amplitude observed throughout 
the monitoring period and the sudden “jump” resulting from the patchcord disturbance. 
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Figure 7.1: (a) Time evolution of the normalized Stokes parameters on buried optical fibre cable 
over a period of 74.5 hours, (b) expanded time scale of the SOP fluctuation around 14.9 hour 
mark, (c) the SOP measurements in a patchcord over a period of 30 s intentionally disturbed.  
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Although, the patchcord was taped down at regular intervals, the un-taped regions of the 
patchcord were large enough to cause vibration of the patchcord due to external 
disturbance. The results obtained show that the SOPs suddenly “jump” to a new value 
after slight disturbance of the patchcord by an external perturbation (e.g. movement of 
exchange staff during maintenance). After 25 seconds, when the patchcord becomes 
stable, the normalized Stokes parameter s3 returns to the same direction (see Figure 7.1 
(b) and (c)), while normalized Stokes parameters s1 and s2 change directions as can be 
seen in Figure 7.1 (b). The change between s1 and s2 shows that there is a change in the 
orientation of the ellipse. However the ellipse retains its ellipticity when the patchcord 
stabilizes. This can be explained by calculating the azimuth angle (ψ) and ellipticity 
angles (χ) that uniquely describe the polarization ellipse. The azimuth angle specifies the 
orientation of the polarization ellipse and ellipticity angle specify points of intersection of 
the polarization ellipse with its major axes. The result obtained shows that the ellipse 
changes the orientation by 20° when the patchcord is disturbed, whereas the ellipticity 
angle changes by about 5°. When the patchcord had stabilized, the azimuth angle was 
oriented about 5° off from the angle it was before the patchcord was disturbed. 
Figure 7.1 (c), shows the SOP measurements in a 1 m patchcord. The SOP data was 
collected at 100 milliseconds interval over a 30 seconds period. The patchcord was taped 
down in a regular interval on a benchmark table, and every 5 s it was intentionally 
disturbed, to investigate the effect of patchcord disturbance by external perturbation on 
the SOP. The results show that when a patchcord is disturbed, variation in SOPs are 
observed and when the patchcord becomes stable the SOP returns to the same direction. 
Similar effect was observed in Figure 7.1 (b) for the normalized Stokes parameter s3.      
Figure 7.2 shows the projection of the SOPs from Figure 7.1(a) on a Poincaré sphere. The 
SOPs trace out a random path on a Poincaré sphere. The results are in good agreement 
with the results of Ref. [2], where they monitored the SOPs on a 166 km buried optical 
fibre every 10 ms for seven days and they found that the SOPs trace out a random path on 
a Poincaré sphere.  
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From, Figure 7.1 (a), and Figure 7.2, 
one can conclude that the optical 
fibre cable was directly buried 
directly under ground. Thus the 
optical fibre cable was not exposed 
to dynamic environmental changes 
such as rapid change in temperature. 
If the optical fibre cable passes along 
the bridge or come above the 
ground, the birefringence and mode 
coupling of the fibre changes as a 
result of the temperature change and 
the rapid SOP variation would be 
observed.  
Figure 7.3 (a) and (b) show the variation of the SOP change, calculated using equation 
3.13 over a 74.5 hour period and the histogram of the SOP change with large SOP 
changes (>1.5°) excluded, respectively. The graph insert in Figure 7.3 (b) shows the 
close-up at the tail of the same histogram with large SOP changes included. Figure 7.3 (a) 
shows that the SOP changes were very small, typically of the order of hours to days per 
degree.  Figure 7.3 (b) shows that the SOP changes were of the typical range of 0°-1.5°, 
with few SOP changes greater than 1.5° resulting from the patchcord disturbance as a 
result of external perturbation (see Figure .1 (a) and 7.3 (a)). The largest SOP change was 
41.8° recorded around the 14.9 hour mark. Similar results were reported in [3], where the 
largest polarization angle was 40°, which was believed to be due to movement of the fibre 
cords by exchange staff. From, Figure 7.3 (a), the large SOP changes observed at the time 
9, 11, 14.9 and 67 hour marks correspond to rapid SOP fluctuations in figure 7.1 (a). 
These are believed to be results from the patchcord disturbance. The results are in good 
agreement with the slow drift observed on buried fibre by Waddy et al. [2] and Nicholas 
et al. [3].  
  
Figure 7.2: The Poincaré sphere representation of the 
time evolution of the output SOPs. 
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Due to large amount of data collected during the monitoring process, the time series 
shown in Figure 7.3. (a)  was partitioned into bins of 0.005 degrees and the SOP change 
was calculated.  Figure 7.3 (b) shows the numbers of occurrences of the SOP change over 
the 74.5 hour period. This plot is useful when quantifying the speed required by the SOP 
compensator component of the optical PMD compensation scheme [4]. This is due to the 
fact that SOP changes much faster than the PMD vector [5]. The SOP change was 
observed to be in a typical range of 0°-1.5°, with the maximum SOP change of 41.8°, 
which corresponds to the largest SOP change shown in figure 7.3 (a).   
7.2 The SOP measurements in aerial optical fibre cable 
The fluctuation of SOP was monitored on a 7.1 km deployed aerial optical fibre cable 
extending from St Albans to Rocklands Telkom exchange containers outside Port 
Elizabeth using the experimental setup shown in Figure 5.2, (Chapter 5). Two optical 
fibres from the same cable were looped by a patchcord at Rocklands Telkom exchange to 
form a 14.2 km link. Figure 7.4 shows a photograph taken outside the St Albans Telkom 
exchange container. The photograph shows an aerial optical cable suspended between two 
poles (indicated by red arrows). The optical fibre cable leaving the container travels 
underground until it reaches the first pole located ~10 m away from the container. The 
 
 
Figure 7.3: (a) The SOP change at 1.2 s time interval over a 74.5 hour period, (b) histogram of the 
SOP change. The insert shows a close-up at the tail region of the same histogram. Bin size = 
0.005 degree. 
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Figure 7.4: The photograph shows St Albans Telkom 
exchange container. The arrows show the optical fibre cable 
suspended between the poles. The optical fibre cable travels 
aerially from St Albans Telkom exchange, indicated by the 
yellow circle, to the Rocklands Telkom exchange container.  
yellow circle indicates the St Albans Telkom exchange container, where the tuneable laser 
source and the polarimeter were located during the monitoring process. The weather data2 
(temperature, wind speed, and global radiation) was obtained from a South African 
weather station situated at the Port Elizabeth airport, which is 30 km away from the St 
Albans Telkom exchange centre. The weather data was recorded every five minutes. 
Consequently, the climate data provided may deviate slightly from the actual conditions 
experienced by the aerial optical fibre cable since they are 30 km apart. The optical fibre 
link has a PMD of 0.77 ± 0.07 ps as measured using the interferometric technique 
discussed in section 4.1.2.  
 The SOP results presented 
in section 7.2.1 and section 
7.2.2 were collected using 
different delay periods, 3 
seconds and 30 milliseconds, 
respectively. In Section 7.2.1 
the effect of environmental 
conditions on SOP will be 
investigated and in Section 
7.2.2 we will determine how 
fast the SOP changes. 
7.2.1 SOP drift time correlation 
The fluctuation of SOP was monitored every 3 seconds for 52.6 hours on an aerial optical 
fibre cable, extending from St Albans Telkom exchange container to Rocklands Telkom 
exchange. Figures 7.5 (a) and (b) show the typical SOP behaviour observed during the 
day and in the evening, respectively. Similar trends are observed in other data not shown 
                                                 
2
 The author extends his thanks to the South African Weather Service for providing the 
climate data presented in this dissertation. 
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here. The minimum and maximum temperatures during this monitoring period were 
21.1°C and 22.8°C (during the day) and 7.9°C and 8.7°C (in the evening), respectively. 
The minimum and maximum wind speeds were 21.6 km/h and 29.5 km/h (during the day) 
and 6.4.km/h and 8.6 km/h (at night), respectively. The SOP measured during the day 
shows large rapid SOP fluctuations (in the order of 0.2), whereas the SOP measured in the 
evening (see Figure.7.5 (b)) shows the small slow SOP fluctuations (in the order of 
0.005).  
 
The fast SOP fluctuation, with large amplitude measured during the day resulted from the 
rapid change in the birefringence and mode coupling of the optical fibre as well as from 
the movement of the optical fibre cable between the poles, as a result of the change in the 
environmental conditions. In the evening, the environmental conditions are more stable 
and as a result the slow fluctuation of SOP has small/low amplitudes. The results obtained 
are in good agreement with the results obtained in Ref. [6], where they showed that fast 
and slow SOP fluctuations occur on an aerial optical fibre link during the day and in the 
evening, respectively.  
 
Figure 7.6 (a), (b) and (c) shows the variation of the SOP change, calculated using 
equation 3.13 as a function of time, the temperature and wind speed, and global radiation 
over the same period, respectively. Global radiation is the sum of the total radiation 
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Figure 7.5: Time evolution of the SOP on aerial optical fibre link measured (a) during the day 
and (b) in the evening.  
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transmitted directly through the atmosphere and the diffuse radiation [7]. This is the total 
radiation that is incident on the surface of the optical fibre cable, and it gives an indication 
of the time of the day. Thus, during the day global radiation has a parabolic form, whereas 
global radiation in the evening it is zero. 
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Figure 7.6: (a) The fluctuation of SOP change measured every 3 seconds, (b) the temperature 
and wind speed, and (c) global radiation as a function of time. 
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A clear correlation between the environmental conditions (temperature, wind and global 
radiation) is observed in Figure 7.6 (b) and (c), when the sun rises, consequently the 
global radiation and temperature rise rapidly. The temperature and wind speed drops 
gradually as the sun set (see Figure 7.6 (b)). There exists a correlation between the SOP 
change and the environmental conditions; the predominant one is between the SOP 
change and the global radiation as can be seen in Figure 7.6 (a) and (c), respectively.  
During the day, the solar radiation heats the optical fibre cable. As a result, the 
temperature of the optical fibres within the cable will change. The birefringence and mode 
coupling change as a result of the change of the fibre temperature due solar radiation, 
hence the SOP changes.  
At high wind speed (above 8 km/h), the wind causes the optical fibre cable to oscillate 
(gallop) between the poles.  When the optical fibre cable oscillates there will be a change 
in the path of the light, and this causes the SOP to change drastically. This change is due 
to the geometrical (Berry) phase effect [1] which is independent of the medium (such as 
optical fibre) the light travels within, but depends simply on the direction of the light path. 
At such wind speeds there are rapid cable oscillations between the poles which will 
introduce tension on the fibre. The birefringence and mode coupling of the optical fibre 
will therefore change due to stress induced by such oscillations. At high wind speed 
(above 8 km/h), where there are a high number of galloping oscillations, there will be 
more rapid SOP variations from the topological phase effect than under light breeze 
conditions (compare  Figures 7.6 (a) and (b)).   
Several trends can be observed from the SOP changes shown in Figure 7.6 (a): during 
high wind speeds (above 8km/h) and high temperature conditions: rapid SOP change 
fluctuations (e.g. during the first 10 hours, between 21 hours and 30 hours, etc.) are 
observed. This is caused by the Berry phase effect as well as the change in birefringence 
and mode coupling. The changes in birefringence and mode coupling originate from 
stress induced in the optical fibre as a result of the cable oscillations due to wind changes 
and high temperature changes.   
Another feature to note in Figure 7.6 (a) is the small SOP changes (between 10 and 19 
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hours and between 30 and 45 hours) observed. This is because of low temperature and 
wind speed. The stress induced in the optical fibre due to low wind speed is small 
compared to the stress induced at high wind speed. At low wind speed, there are 
small/slow oscillations of the cable between the poles, thus the effects of Berry phase 
effect in the SOP change are very small. Furthermore, when there is a small change in 
temperature, the birefringence and mode coupling changes slowly, hence the SOP change 
fluctuate slowly (see Figure 7.6 (a)). 
Between 19 and 21 hours, a general increase in temperature and global radiation (see 
Figure 7.6 (b) and (c), respectively) is observed. During this period, rapid fluctuations of 
the SOP change are observed (see Figure 7.6 (a)). The rapid fluctuation of SOP change is 
due to the change in birefringence and mode coupling of the fibre resulting from the 
change in the fibre temperature. When the temperature increases, the birefringence of the 
optical fibre will also be increasing, since birefringence depends linearly on temperature 
[8]. The change in temperature of the fibre as a result of the change in temperature and 
global radiation has a stronger influence on the birefringence and mode coupling along 
the fibre link, and it is the major cause of the rapid SOP change fluctuations during this 
period. Note that the wind speed is relatively low (below 8 km/h), and remained rather 
constant during this period. At low wind speed, the contribution of the wind speed to the 
change in birefringence and mode coupling is rather low. The stress caused by the 
movement of the cable is likely to be very small compared to the stress caused by the 
increasing temperature. Thus, rapid fluctuations of the SOP change are due to the rapid 
temperature changes. 
 Figure 7.7 (a) shows the fluctuation of the SOPs on a Poincaré sphere, monitored on the 
same aerial optical fibre cable for 52.6 hours. Note that, the SOPs are not distributed 
evenly throughout the Poincaré sphere, with the bottom half more populated than the 
upper half. The fibre SOP thus shows bias towards the bottom of the Poincaré sphere. 
Similar results were observed in Ref. [2], where the SOP was monitored for a week 
during winter. They observe that the SOPs were distributed throughout the Poincaré 
sphere after a few minutes of collecting the SOPs data. Furthermore, when observed over 
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a period of a week, the SOPs were not distributed evenly throughout the Poincaré sphere, 
but bias was observed at the bottom of the Poincaré sphere.  
 
Figure 7.7 (b) shows the fluctuation of SOPs on a Poincaré sphere, measured for a period 
of an hour during the day (between 12:09 and 13:09) and in the evening (between 22:09 
and 23:09). The data presented in Figure 7.7 (b) was extracted from the SOP data 
presented in Figure 7.7 (a). The minimum and maximum temperatures during this 
monitoring period were 24.9°C and 25.9°C (during the day) and 10.9°C and 12.3°C (in 
the evening), respectively. The minimum and maximum wind speeds during the day were 
24 km/h and 30.2 km/h and in the evening 3.6 km/h and 9.0 km/h, respectively. The SOPs 
monitored during the day fluctuate randomly and are not distributed uniformly throughout 
the sphere (bottom part of the sphere is more populated), whereas the SOP measured in 
the evening trace out a random path on a Poincaré sphere. Rapid SOP fluctuations during 
the day were caused by high temperature and wind speed changes as well as the global 
radiation. The SOP fluctuation during the day is largely due to the changes in 
birefringence and mode coupling resulting from stress of the fibre due to high temperature 
and wind speed, and from the topological phase effect [1] as a result of high wind speed. 
 
  
 
 
Figure 7.7: The Poincaré sphere representation of the evolution of the SOP measured on aerial 
optical fibre cable over (a) 52.6 hours period, and (b) 1 hour period during the day and in the 
evening.  
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The SOP monitored in the evening show that the SOPs trace out a path on a sphere. The 
SOP takes a long random walk on a Poincaré sphere. There are no rapid SOP fluctuations 
observed in the evening. This is due to low temperature and wind speed over the 
monitoring period.  
 
Figure 7.8 (a), shows the autocorrelation function (ACF) for the 30 hours of the SOP data 
shown in figure 7.7 (a). The ACF determines how quickly the SOP changes with time and 
whether “the light returns to the same phase space after certain time intervals” Waddy et 
al. [16]. From figure 7.8 (a), one can see that there is little correlation between SOPs 
monitored over the time interval. In the ACF versus time plot, the most interesting area is 
at the beginning (see the insert in Figure 7.8 (a)), since most of the averaging occurs 
around this part of the curve. Gradual decrease in correlation is observed at the beginning 
and when the averaging drops off there are oscillations observed about zero (see Figure 
7.8 (a)). The ACF decorrelates quite quickly; the 50% decorrelation time for the SOPs 
monitored is found to be 597 s.  The results are in good agreement with the results of [9], 
where the fastest SOP 50% decorrelation time on aerial optical fibre cable was found to 
13.62 s and the largest decorrelation time was 600 s, which was the maximum interval of 
the measurements. This implies that the decorrelation above 600 s can also be found. 
Figure 7.8 (b) shows the ACF of the hour-long measurement during the day and in the 
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Figure 7.8: The temporal autocorrelation function of SOP over (a) 52.6 hour period, with the 
insert showing the zoom in at the 5 hours of the graph, and (b) over an hour during the day and 
in the evening. 
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evening from figure 7.7 (b). Figure 7.8 (b), shows how fast the SOP decorrelate during the 
day and in the evening. The 50 % decorrelation obtained from the ACF performed on the 
SOP data collected during the day and in the evening are 9.6 and 30.4 minutes 
respectively. The ACF for the SOP monitored during the day decorrelate quite quickly. 
The difference between the 50% decorrelation values is due to rapid SOP fluctuations 
during the day as a result of the rapid changes in the environmental conditions.    
7.2.2 Fast SOP Monitoring 
Fast SOP monitoring was performed on the same aerial optical fibre cable as in section 
7.2.1. Fast SOP monitoring was performed to retrieve the fluctuation of SOP that occurs 
in a short time interval. Figure 7.9 (a) and (e) shows the fluctuations of SOP measured 
every 30 milliseconds during the day for an hour, and the temperature and wind speed 
monitored over the same period, respectively. The SOP fluctuation patterns in Figure 7.9 
(a) can be distinguished: (i) rapid SOP fluctuations with small amplitude (e.g. 0 - 30 
minutes) and (ii) rapid SOP fluctuations with large amplitude (e.g. 30 – 60 minutes). 
Figure 7.9 (e) shows a general increase in wind speed from 4.7 km/h to 14.4 km/h, 
whereas the temperature is relatively high ~19°C and remained rather constant during this 
period. Since there are small changes in temperature, its effect on birefringence and mode 
coupling is likely to be small. As the wind speed increases, rapid oscillation of the cable 
between the poles introduces more tension (stress) on the fibre. The birefringence and 
mode coupling of the fibre changes due to stress induced by the oscillation of the optical 
fibre cable. Consequently, changes in birefringence and mode coupling resulting from 
stress of the cable can contribute to the SOP fluctuations. Furthermore, at high wind 
conditions, there are a high number of galloping oscillations, hence there will be more 
rapid SOP fluctuations from the topological phase effect [1] than under light breeze 
conditions. Another feature to note from Figure 7.9 (a) is that at low wind speeds, the 
fluctuation of SOP has small amplitude and when the wind speed reaches above 8 km/h, 
sudden a set of SOP fluctuations with large amplitude are observed. From the patterns 
observed in figure 7.9 (a), one can conclude that the fluctuations of SOP with large 
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amplitude is due to high wind speed, since there was little change in the temperature 
during the monitoring period.  
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Figure 7.9: Time evolution of the normalized Stokes parameters on aerial optical fibre cable 
monitored for (a) and (b) 60 minutes during the day and in the evening, respectively, (c) and (d) 
30 seconds during the day and in the evening, respectively. (e) and (f) shows the temperature 
and wind speed measured during the day and in the evening, respectively.     
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Figure 7.9 (c), shows a closer look (around 30 minutes) at the SOP fluctuations measured 
during the day for 30 seconds. The temperature and wind speed recorded during this 
period was 19 °C and 8.8 km/h respectively. The SOP fluctuation with large amplitude 
(about 1) is observed throughout this period. 
 Figure 7.9 (d) and (f) shows the SOP fluctuation measured every 30 milliseconds in the 
evening for an hour, and the temperature and wind speed recorded over the same period. 
In the first 25 minutes, the SOP fluctuation observed in figure 7.9 (b) has small amplitude 
(about 0.01), and thereafter, an increase in amplitude (to about 0.05) in the SOP 
fluctuation was observed. The fluctuations of SOP with large amplitude were not 
observed during this period, because of low wind speed (<8 km/h) and low temperatures 
~6.5°C. The wind speed remained below 8 km/h throughout this period. Furthermore, 
when the temperature increased, the fluctuation of SOP with the large amplitudes about 
0.05 was observed.   
Figure 7.9 (d) shows the fluctuation of SOP monitored in the evening for 30 seconds. The 
fluctuation of SOP with small amplitude is observed, due to low temperature and wind 
speed.  
 
 Figure 7.10 (a) and (b) shows the trace of the SOP data on a Poincaré sphere and the 
ACF performed on the SOP data respectively. The SOP data used was measured for 30 
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Figure 7.10: (a) Time evolution of the normalized Stokes parameter on aerial optical fibre cable 
monitored for 30 seconds, and (b) The ACF performed over monitoring period during the day 
and in the evening. 
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seconds during the day and in the evening. The SOP monitored during the day shows a 
periodic oscillation pattern on the Poincaré sphere, whereas the SOPs monitored in the 
evening are confined to a small area of the sphere. The periodic pattern observed during 
the day is caused by the wind, which induces a swinging motion on the optical fibre cable. 
When the optical fibre cable swings back to the initial position, the light tends to returns 
to the same phase space. This behaviour of SOPs on a Poincaré sphere is observed only 
when fast SOP monitoring is performing over a short time period (few seconds to a 
minute). When the cable sways back and forth, the SOP fluctuates rapidly from elliptical 
polarization to linear polarization. In the evening the little movement of the optical fibre 
cable does not affect the fluctuation of SOP during a small time interval. 
 The ACF decorrelates quickly during the day, with the 50% decorrelation time obtained 
for the 30 s interval equal to 0.17 s. The ACF of the SOP decorrelate rapidly within a 
second and then correlates again, forming a periodic pattern as observed in Figure 7.10 
(b). This phenomenon is attributed to the optical fibre cable swing back and forth so that 
the lights returns back to the same phase space during this period. On the other hand, 
when performing the ACF on the SOP monitored in the evening the SOPs are correlated 
with a value close to 1 over the entire monitoring period. This is because during this 
period the SOP changes very slowly as a result of low wind speed and temperature.  
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Figure 7.11: (a) SOP change on the St. Albans to Rocklands aerial optical fibre cable monitored 
every 30 ms for 26.4 hours, (b) the temperature and wind speed, (c) the global radiation, over 
the same period.  
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The SOP data was monitored on aerial optical fibre cable for 26.4 hours every 30 
milliseconds. Figure 7.11 shows the SOP changes calculated using equation 3.13, over the 
observation period. The fluctuation of SOP changes shows the similar behaviour as 
shown in Figure 7.6 (a), where rapid SOP change are observed during the day, followed 
by slow fluctuation of SOP change in the evening. After 25 hours, the general increase in 
wind speed is observed (see Figure 7.11 (b)). During this period, large SOP changes are 
observed. This is attributed to a sudden increase in wind speed. The largest SOP change 
observed was 175.6°. At high wind speeds, the wind causes the fibre to move (gallop). As 
the cable moves, the SOP changes rapidly, furthermore large SOP changes are observed. 
The results presented here show that there may be more large SOP change than what have 
been shown in Figure 7.11 (a). Thus fast monitoring over a longer period (e.g. a week) is 
required. From, Figure.7.11 (a) it is believed that the only problem that the SOP tracking 
device can encounter is due to large SOP changes as a result of high wind speeds.  
Figure 7.12 (a) shows the close-up of the tail region of the histogram of the SOP change 
with a bin size of 0.03, and (b) similar histogram with large SOP change removed. Figure 
7.12 (a) shows the number of occurrences of SOP changes with large angles. Furthermore 
it shows that rare events do occurs with SOP changes greater than 90°. Most of the events 
with SOP changes greater than 90° occur only once. Figure 7.12 (b) shows the number of 
occurrence with SOP changes less than 12°. The graph with similar shape was observed 
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Figure 7.12: (a) The close-up look of the tail for the histogram of the SOP change monitored on 
aerial optical fibre cable for 26.4 hours, (b) Histogram of the SOP change excluding the SOP 
changes with angle greater than 12 degrees. 
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in Ref. [4], where the SOP data was collected at 10 milliseconds and they found that the 
largest SOP change was 180°. 
 
A Fast Fourier Transform (FFT) was performed on the SOP data shown in Figure.7.10 (a) 
to determine the frequency of the periodic oscillation observed. The FFT generates the 
FFT power spectrum of SOP. The FFT power spectrum is of great important in analyzing 
the SOP data monitored on aerial optical fibre cable, since it provides the characteristic 
frequency of the optical fibre cable vibration [10]. Figure 7.13 (a) shows the FFT power 
spectrum of the SOPs monitored on an aerial optical fibre cable during the day and in the 
evening for 30 seconds. The FFT power spectrum of the SOP data was obtained by 
summing the FFT power spectra of the SOP of the three normalized Stokes parameters. 
The power spectrum obtained during windy conditions (during the day) has higher 
intensity than the power spectra obtained in the evening (light breeze). The following 
characteristic frequencies are observed, 1.14, 2.30, and 11.23 Hz during the day. The 
characteristic frequency observed at 1.14 Hz can be explained by characterizing the 
fundamental frequency of the optical fibre cable spans.  Figure 7.13 (b) shows the 
fundamental frequency of an aerial optical fibre cable as a function of the % of the sag of 
span lengths for different span lengths. The fundamental frequency (n=1) for different 
span lengths and fibre sags (ranging from 0.5 % to 5 %) are calculated using the following 
equation [12]:  
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Figure 7.13: (a) The FFT power spectrum of SOP measured on an aerial optical fibre cable 
during the day and in the evening for 30 second.  (b) The fundamental frequency versus sag % 
of the span length for different span lengths [12, 13], 
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32n
gf n
h
=         6.1 
where n refers to the nth normal mode of vibration, g is the gravitational acceleration 
constant and h is the sag.  
The optical fibre cable monitored has a span length of 30 m, and the sag of 0.8 %, we find 
that the fundamental frequency is 1.13 Hz. The sag was measured in one of the fibre span 
of the optical fibre cable. The fundamental frequency of 1.13 Hz obtained for the fibre 
span of 30 m, at sag of 0.8 % correspond to the first spectrum frequency (1.14 Hz) shown 
in Figure 7.13 (a) for the day. Furthermore, the first spectrum frequency obtained in the 
FFT power spectrum of SOP during the day corresponds to 0.87 s in the time domain. 
From the ACF shown in Figure 7.10 (b), the plot has a periodic wave pattern, and the 
period of oscillation is 0.87 s. It is clear in Figure 7.13 (a) that the second spectrum 
frequency (2.3 Hz) is an integral multiple of the fundamental frequency (n=2). These are 
the frequencies induced by the wind that causes the fibre cable to vibrate. The spectrum 
frequency observed at 11.23 Hz corresponds to the 10th mode.  
Figure 7.13 (a), shows the FFT power spectrum of SOP data monitored in the evening. 
The fundamental frequency of the cable is not observed during this period, due to low 
wind speed.  The FFT spectrum consists of a characteristic frequency in the range of 11 to 
18 Hz. These frequencies are due to Aeolian vibrations [14]. To support this suggestion, it 
is noted that Aeolian vibrations occur between the frequency ranging between 10 and 100 
Hz [14, 15]. 
7.3 Summary 
In section 7.1, the fluctuation of SOPs in buried optical fibre cable was investigated. The 
results show that there is slow drift on the SOP over time (order of hour). The SOP 
fluctuation shows that the optical fibre cable did not come above the ground before 
reaching respective Telkom exchange centres. The SOP change was calculated and they 
were on a typical range of 0°-1.5° with the largest SOP change being 41.8°.  
In section 7.2.1, the fluctuation of SOP on aerial optical fibre cable was monitored for 
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52.6 hours every 3s. Two patterns of SOP fluctuations were observed, (i) large amplitude 
and (ii) small amplitude. The SOP fluctuations with large amplitude were observed during 
the day whereas SOP fluctuations with small amplitude were observed in the evening. A 
clear correlation between the SOP change and environmental conditions were observed, 
the predominant one being between the SOP change and the global radiation. This is 
because of the effect of global radiation on the climate. When the global radiation 
increases, the temperature and wind speed also increases. The result shows that during 
high wind speed conditions, large SOP changes were observed, and during light breeze, 
small SOPs change was observed. The fibre SOPs decorrelate quite quickly, with a 50% 
decorrelation time of 597 s.     
In section 7.2.2, fast SOP monitoring was performed on aerial optical fibre cable every 30 
ms. At a wind speed above 8 km/h rapid SOP fluctuations with large amplitudes are 
observed, and at a temperature above 6°C, SOP fluctuations with large amplitudes start to 
prevail.  The ACF was performed on the SOP monitored for 30 s during the day and in 
the evening. During the day, the SOP decorrelates quite quickly, whereas in the evening 
the fibre remains correlated during this monitoring period. The 50% decorrelation time 
during the day was 0.172 s.  
The SOP change was calculated and most SOP changes were found to be in a typical 
range of 0° - 90°, with rare occurrences of SOP changes greater than 90°. The largest SOP 
change observed was 175.6°.  
The results obtained show that to compensate for PMD on aerial optical fibre will be 
more challenging than for buried optical fibre. This is because one has to take the effect of 
environmental conditions into consideration when designing a tracking device used by a 
PMD compensator.  
The characteristic frequency of the SOP monitored was obtained and it was linked the 
fundamental frequency of the fibre span. The characteristic frequency shows that the SOP 
fluctuation over a short period (30 s) is due to wind.   
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C H A P T E R  8  
POLARIZATION MODE DISPERSION MEASUREMENTS ON 
AERIAL OPTICAL FIBRE CABLE 
Before deploying new optical fibre cable or upgrading the existing optical network, it is 
crucial to understand and assess factors contributing to polarization mode dispersion 
(PMD) on the system performance. PMD is one of the major factors limiting high data 
transmission rates (10 Gb/s and above) in long haul optical transmission systems.   
The characterization of PMD before and after installation of new optical cable is crucial 
for determining whether the fibre will be able to transmit at the desired transmission rate 
and can in the future support upgrade to higher bit-rates. Environmental conditions such 
as temperature and wind cause the fibre PMD to vary randomly in time, making PMD 
particularly difficult to compensate. This is an especially important factor for aerial 
optical cables, since they are exposed directly to a dynamic environment and experience 
great strain under wind and temperature fluctuations.    
In this chapter, the effect of cabling on the PMD of the optical fibre will be investigated in 
section 8.1. The fluctuation of PMD in undeployed and deployed aerial optical fibre cable 
will be presented in section 8.2. Furthermore, the effect of environmental conditions on 
PMD will be presented in section 8.3. 
8.1 The effect of cabling on the PMD of optical fibres 
A 6 km short span aerial (SSA) loose tube cable3 consisting of 24 single mode fibres 
(SMF) on a 1.3 m diameter shipping drum was donated to our group. The PMD for each 
fibre was measured at different stages during the manufacturing process, to assess the 
impact of cabling on the PMD of the optical fibre.  
                                                 
3The author extends his thanks to CBI-Electric Aberdare ATC Telecom Cables (Pty) Ltd cables for 
the donation of the undeployed aerial optical fibre cable. 
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PMD measurements were performed on the bare fibre wound on a shipping spool and 
after the tubing process using a NetTest CMA 5400 PMD 160 module which is a cross-
correlation interferometric technique recommended by the TIA [1]. Note PMD 
measurements were performed without polarization scrambler since polarization 
scrambling is not required when measuring PMD using the cross-correlation 
interferometric technique. The PMD measurements on the bare fibres wound on shipping 
spool were found to be unreliable since the fibre was wound under high tension. The 
PMD measurements after the tubing process are shown in Figure 8.1, recorded as a PMD 
coefficient. The maximum PMD coefficient measured after the tubing process was 0.2 
ps.km-1/2. This shows that all the optical fibres met the manufacturing PMD coefficient 
requirements, for uncabled fibre of ≤ 0.2 ps.km-1/2.The final product (optical fibre cable) 
was wound on a 1.3 m diameter shipping drum. No further PMD measurements were 
performed by the company after the cabling process.  
The PMD measurements after the cabling process were performed using the GINTY 
setup (see Figure.4.4) at the Nelson Mandela Metropolitan University (NMMU), and they 
are also shown in Figure 8.1. After the cabling process, it was found that only one fibre 
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Figure 8.1: PMD measurements on loose tubes before cabling and after cabling. 
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(the fibre that contains high PMD after the tubing process) does not meet the maximum 
link design value specified on cabled fibre of 0.5 ps.km-1/2 PMD coefficient [2]. 
Furthermore, note that the PMD measured in loose tubes were not under my control. 
Comparing the PMD measured before and after the cabling process, it is seen in Figure 
8.1 that there is an increases of up to 3 times for each fibre. This difference may be due to 
birefringence and mode coupling introduced during the cabling process. Similar results 
were observed in Ref. [3], where they used TINTY to measure the PMD of the optical 
fibres. Their result shows that the PMD increases during the loose tube cable 
manufacturing process. Van Antwerpen et al. [4] of our research group found that a well 
controlled cabling process will not cause the PMD to increase.  
The important feature to note is that, the fibres which originally had low PMD before the 
cabling process did not change significantly after cabling, whereas relatively high PMD 
fibres increased further after the cabling process. Similar results were shown in [3, 5], 
where they found that the fibre with low PMD value did not change significantly.  In [6], 
they show that bare optical fibres with high PMD values had increased PMD values after 
being cabled. Also note that within the same cable, there are good and bad fibres. 
8.2 The fluctuation of the PMD in optical fibre cable 
The PMD measurements were conducted on: (A) undeployed 6 km short span loose tube 
aerial cable4 consisting of 24 single mode fibres (SMF) on a 1.3 m diameter shipping 
drum, and (B) deployed 7.1 km loose tube aerial cable consisting of 12 SMF, linking St 
Albans and Rocklands Telkom exchange containers, outside Port Elizabeth. The 
experimental setup shown in Figure 5.3 was used. The setup consists of a polarized 
broadband source covering the C- and L-bands (1530-1625 nm), the fibre under test 
(FUT), and a PMD analyzer using the GINTY technique discussed in Section 4.1.2. When 
polarization scrambling was required, automated polarization scramblers (EXFO- IQS 
5100B [7]) were inserted at the beginning and the end of the optical fibre link. Input and 
output (I/O) polarization scrambling was performed to reduce the uncertainty associated 
                                                 
4The same as described in section 8.1. 
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with performing a single measurement using only one I/O SOP pair [1]. Furthermore, for 
a stable fibre under test (FUT), if the I/O SOPs are not changed, not all segments of the 
FUT contribute to the measured PMD and no additional information can be obtained even 
when several measurements are taken with the same I/O SOPs. 
8.2.1 Undeployed optical fibre cable 
In this section, the effect of polarization scrambling in will be investigated. 
Figure 8.2 shows the PMD measurements using the generalized interferometric technique 
(GINTY) for the undeployed cable on the shipping drum in the Nelson Mandela 
Metropolitan University (NMMU) optical fibre laboratory. Two optical fibres (Fibres No. 
9 and 10 in Figure 8.1) were looped to give a 12 km link. The PMD of the link was 
measured every 27 s over an extended period (about 3.5 hours) with the following 
polarization scrambling conditions (i) without polarization scrambling, and (ii) with input 
and output (I/O) polarization scrambling.  
In Figure 8.2 (a) where no intentional polarization scrambling was performed, the PMD 
readings observed are very stable during the monitoring period and only slight deviations 
from the mean PMD (PMDmean = 1.38 ps) is observed. The gradual drift in measured 
PMD is attributed to slight temperature changes in the laboratory environment. Figure 8.2 
(a) shows the rapid change in PMD at the very beginning of the experiment. This 
fluctuation of PMD readings is due to different input and output SOPs being used, and is 
not from a change of the fibre PMD. The different SOPs are due to the Berry phase 
(topological) effect as a result of patchcord disturbance [8], and not from a change in the 
birefringence and mode coupling. When the SOPs change, the PMD measured using the 
interferometric technique will also change [9].  
Figure 8.2 (b) shows the PMD measurements with intentional polarization scrambling at 
the input and output of the optical fibre link. A high degree of scattering is observed 
throughout the monitoring period. Polarization scrambling has a large effect on the 
scattering of PMD readings, as can be seen in Figure 8.2 (a). The scattering of PMD 
readings is due to the changing input and output SOPs (I/O SOPs) and not from a change 
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in environmental conditions influencing the fibre properties, as will be seen in Section 
8.3.  
 
Figure 8.2 (c) and (d) shows the distribution of measured PMD on undeployed cable with 
no polarization scrambling and with polarization scrambling, respectively. The solid lines 
represent the Gaussian fits to the measured data. The PMD measured without polarization 
scrambling show a small spread of the PMD readings (Figure 8.2 (c)), about 
PMDmean=1.38 ps. The standard deviation estimated from the Gaussian fit was σ = 0.02 
ps, and the uncertainty associated with a single measurement with only one I/O SOP pair 
(σsm)calculated from equation 4.11 was 0.19 ps. The difference between the σ and σsm, 
implies that the PMD obtained does not reflect the true PMD of the fibre, due to 
incomplete SOP sampling. Furthermore, the results show that even when several 
measurements are taken, no additional information can be obtained and the PMD 
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Figure 8.2: PMD measurements in undeployed aerial optical fibre cable with (a) no 
polarization scrambling, and (b) input and output polarization scrambling, and their PMD 
distribution (c) and (d), respectively. Bin size=0.02 ps and the solid line in (c) and (d) 
represent the Gaussian fit. 
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measured does not reflect the PMD of the fibre. This is because not all polarization states 
of the fibre contribute to the measured PMD.  
To get a more reliable PMD value and to reduce the uncertainty associated with 
performing a measurement using only a single I/O SOP pair, input and output polarization 
scrambling was performed (see Figure 8.2 (b)). The results show a high degree of 
scattering about the PMDmean = 1.34 ps and the distribution of PMD is broader than in 
Figure 8.2 (c). The PMDmean is more reliable than with no polarization scrambling, since it 
is sampled across all possible SOPs. The non-ideal Gaussian distribution in Figure 8.2 (d) 
is possibly due to the insufficient number of data points collected. If more data were 
collected the histogram would probably have a closer Gaussian fit. When input and output 
polarization scrambling is performed, the standard deviation the standard deviation is 0.17 
ps, which show that the mean PMD is closer to the true PMD of the DUT.  
8.2.2 Deployed optical fibre cable 
Figure 8.3 shows the time evolution of PMD measured every 39 s over a 8.7- hour period 
in the 7.1 km deployed aerial optical fibre cable, with and without polarization scramblers 
at the FUT input and output and the temperature and wind speed monitored over the same 
period at the South African Weather Station situated 30 km away. Deployed aerial cables 
are installed in a dynamic environment, where temperature changes and wind are the 
extrinsic factors that introduce stress on the cable and subsequently to the fibres inside. 
Note that the PMD measured on deployed aerial optical fibre cable was small compare to 
the PMD measured on the undeployed cable in Figure 8.2 (although the lengths were 
fairly similar).   
Figure 8.3 (a), shows the PMD measurements in the deployed aerial cable using the setup 
shown in Figure 5.3 without polarization scrambling. One of the causes of variation in the 
measured PMD is from the changes in birefringence and mode coupling of the optical 
fibre link. This is attributed to the changes in the environmental conditions (such as the 
temperature and wind). The change in temperature has a stronger influence than the wind 
speed on the birefringence and mode coupling along the optical fibre link. The 
temperature changes induce internal stress that makes birefringence to depend on 
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temperature. Furthermore, mode coupling sites may be introduced or disappear along the 
fibre link due to thermal expansion and contraction of buffering and coating materials 
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Figure 8.3: PMD measurements on deployed aerial optical fibre cable with (a) no polarization 
scrambling, and (b) input and output polarization scrambling, and their PMD distribution (c) and 
(d), respectively. Bin size = 0.02 ps. (e) and (f) are the weather data (temperature and wind 
speed) obtained from the SA Weather Station at Port Elizabeth.  
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[10]. When there are new modes coupling sites introduced along the fibre link the PMD 
decreases, whereas when the mode coupling sites disappears, the PMD increases. 
Another feature to note about Figure 8.3  (a) is the fluctuation of PMD as a result of  
unintentional self scrambling resulting from the Berry phase effect and the change in the 
birefringence and mode coupling of the fibre (to be discussed in section 8.3). 
Figure 8.3 (b) shows the PMD measured on the same aerial cable with intentional 
polarization scrambling at the fibre link input and output. There is a high degree of PMD 
fluctuation throughout the monitoring period as compared to PMD measured without 
polarization scrambling shown in Figure 8.3 (a). The high degree of PMD fluctuation is 
due to either intentional polarization scrambling or unintentional polarization scrambling 
as a result of the combined effect of the change in birefringence and mode coupling, and 
the topological phase effect.  
Comparing Figure 8.2 (c) and Figure 8.3 (c) respectively, for undeployed and deployed 
aerial cables, the distribution of the measured PMD with no polarization scrambling on 
the deployed cable is clearly broader than the undeployed cable. For the deployed cable, 
the measured PMD with no polarization scrambling is more scattered (see Figure 8.3 (c)) 
and there is a broader distribution (Figure 8.3 (c)), about the PMDmean = 0.68 ± 0.13 ps, as 
compared to PMD measured on buried fibre in our research group by Wu et al. [11] and 
undeployed cable with PMDmean=1.38 ± 0.02 ps (see Figure 8.2 (c)). This is most likely 
due to the unintentional self scrambling on deployed aerial cable resulting from the Berry 
phase effect [8] as well as a change in the birefringence and mode coupling of the fibre.  
A further feature to note in Figure 8.3 (a) and (b) is the decrease in the measured PMD 
observed when the sun set (around the 3.8 hour mark in Figure 8.3 (b)). Similar effects 
were observed in Figure 8.3 (a) around the 6.1 hour mark. These are due to the 
temperature difference during the day and in the early evening. During the day, the 
temperature changes rapidly as a result of the solar radiations whereas in the evening the 
temperature is more or less stable. The change in the temperature has a stronger influence 
on the birefringence and mode coupling along the fibre link, and is the major cause of the 
PMD decrease. In the evening the effect of temperature on the PMD is likely to be small, 
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since there is no rapid change in temperature.  This will be investigated in more detail in 
the following section.  
Figure 8.3 (d) shows the Gaussian distribution of the measured PMD with input and 
output polarization. The PMDmean = 0.80 ± 0.11 ps. Figure 8.3 (c) and (d), are within 
experimental error the same, as shown by a change in standard deviations. The observed 
shifts in the PMDmean in Figure 8.3 (c) and (d) are attributed to the changes in the fibre 
birefringence and mode coupling. They are the results of changes in the environmental 
conditions (temperature and wind speed). Furthermore, if more data was collected the 
histogram in Figure 8.3 (d) would have a closer Gaussian fit. This shows that the 
environmental conditions have the same effect as intentional polarization scrambling. 
8.3 The effect of the environmental conditions on the PMD of the 
optical fibre  
Further PMD measurements were conducted on the 7.1 km deployed aerial optical fibre 
cable extending from St Albans to Rocklands Telkom exchange container, outside Port 
Elizabeth using the experimental setup shown in Figure 5.3. Two optical fibre links from 
the same cable were characterized: (a) Link A was monitored between April and May in 
2006, and (b) Link B was monitored between April and August 2007. Each link consists 
of two optical fibres looped at the Rocklands Telkom exchange to form a total length of 
14.2 km. Weather data5 was obtained from the South African Weather Station situated at 
the Port Elizabeth airport, which is 30 km away from St Albans. Consequently, the 
temperature and wind data given here may deviate slightly from the actual conditions 
experienced by the aerial cable.  
In this section, the effects of environmental conditions on the fluctuation of the PMD will 
be investigated.  
Figure 8.4 (a) shows the PMD measured on Link A using the setup shown in Figure.5.3, 
without polarization scramblers. Figure 8.4 (b) shows the temperature and wind speed 
                                                 
5
 The authors wishes to thank Mr. Garth Sampson of the South African Weather Service 
for the supply of weather data 
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obtained from the South African weather station. The PMD was measured every 95 s for 
48 hours (2 days) while the temperature and wind speed were recorded every 5 minutes 
over the same period.   
 
During the first 2 hours, a general decrease in the PMD coupled with rapid fluctuations is 
observed. The decrease in the PMD correlates rather well with the change in temperature 
(see Figure 8.4 (b)). Note that the wind speed is relatively low (about 10 km/h) and 
remained rather constant during this period. At low wind speed, its contribution to the 
change in birefringence and mode coupling is minimal. The stress caused by the 
movement of the cable is likely to be very small compared to the stress caused by the 
rapid change in temperature. The change in temperature has a stronger influence on the 
stress (birefringence and mode coupling) along the fibre link, and is likely to be the major 
cause of the PMD decrease. In Ref. [12], it was shown that rapid temperature changes 
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Figure 8.4: The fluctuation of (a) PMD measured on aerial optical fibre link A without 
polarization scrambling, and (b) temperature wind speed as a function of time. 
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along the optical fibre link give rise to the time varying stress along the optical fibre link. 
Furthermore they show that PMD fluctuated as a result of the temperature changes.  
Figure 8.4 (b) shows that after the initial temperature drop over 2½ hours, there were slow 
changes in temperature between 2½ hours and 19 hours (Min 18°C and Max 20°C), 
however the wind speed was very high (about 42 km/h) and more or less constant. Since 
there are small changes in temperature, its effect on the PMD change is likely to be small. 
At such wind speeds there are rapid cable oscillations between the poles which will 
introduce more tension (stress) on the fibre. The birefringence and mode coupling in the 
fibre then changes due to stress induced by the oscillation of the optical fibre cable. 
Consequently, the fluctuation of PMD is largely due to the change in SOP resulting from 
the combined effect of the change in birefringence and mode coupling as well as the 
Berry phase effect on aerial optical fibre cable. 
 Figure 8.4 (a) shows that there is a high degree of scattering of the PMD within the first 
25 hours of the measurement, where there is a relatively high wind speed. This is because 
PMD was measured using multiple I/O SOP pairs. The movement of the cable has similar 
effect to the fluctuation of PMD as intentional polarization scrambling as shown in 
section 8.2.2.  
A gradual decrease in wind speed is observed after 25 hours for a period of 5 hours (see 
Figure 8.4 (b)). During this period, a general increase in PMD can be observed. The 
increase in PMD might be due to the fact that the mode coupling sites introduced at high 
wind speeds are removed as the wind speed drops. Furthermore, the increase in PMD 
might also be attributed to the changes in birefringence. At high wind speed, the tension 
on the optical fibre cable is more or less constant, such that there is little change in 
birefringence. However, as the wind reduces its speed, the tension on the optical fibre 
decreases such that the birefringence along the optical fibre link changes (decrease or 
increase, depending on the orientation of each birefringent element), hence the overall 
PMD of the fibre decreases. At low wind speed (about 5 km/h), there is small scattering 
of the PMD.  
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At low wind speed and temperature (between 30 and 42.5 hours), the PMD reading 
changed very slowly and no rapid fluctuations are observed during this period. This is 
attributed to the small changes in birefringence and mode coupling of the optical fibre 
link. Furthermore, there are no rapid SOP changes observed as will be shown in Figure 
8.5.      
 
The scattering of PMD might be explained by looking at the SOP changes on the cable at 
high and low wind speeds (see Figure 8.5). The time taken for the PMD analyzer to obtain 
a measurement is between 3-5 seconds.  During this measurement period, the SOPs can 
vary rapidly. Under high wind conditions and high temperature, rapid SOP fluctuations 
are observed. These are caused by the combined effect of the changes in birefringence and 
mode coupling and the topological phase effect. The birefringence and mode coupling 
changes as a result of stress induced on the optical fibre cable due to high wind speed and 
temperature. The topological phase effect results from the oscillation of the optical fibre 
cable as a result of wind. When the environmental conditions are more gentle (light 
breeze condition and low temperature) very little change in SOP are observed.  At low 
wind speed (< 8km/h), the contribution of the wind speed to the change in birefringence 
 
Figure 8.5: SOPs measurements on aerial cable collected over a 5 s period. 
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and mode coupling is rather low. Furthermore, the stress caused by the slow movement of 
the cable is likely to be very small compared to the stress induced at high wind speed. The 
effects of low temperature on the SOP fluctuations are minimal. 
  
Figure 8.6 (a) and (b) shows the fluctuation of PMD measured with input and output 
polarization scrambling, and the temperature and wind speed, respectively. From Figure 
8.6 (a) a high degree of PMD fluctuation is observed throughout the monitoring period, as 
compared to Figure 8.4, where high degree of scattering was observed only certain period 
of time when there is high wind speed. As mentioned before, PMD fluctuates as a result 
of both intentional polarization scrambling and unintentional self scrambling resulting 
from a topological effect as well as the change in the birefringence and mode coupling of 
the fibre. 
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Figure 8.6: The fluctuation of (a) PMD measured on aerial optical fibre link A with input and 
output polarization scrambling, and (b) weather data (temperature and wind speed) obtained 
from the SA Weather Station at Port Elizabeth over the same period. 
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Considering region A (between the 10 and 20 hour mark) in Figure 8.6 (b), there are only 
small changes in the wind speed (min 2 km/h and max 12 km/h) and temperature (min 
9°C and max 14°C). This shows that the change in environmental conditions (temperature 
and wind speed) has a minor effect on PMD changes. There may be small changes in 
birefringence and mode coupling of the fibre due to stress induced by the wind and 
change in temperature. However the dominant PMD fluctuations observed are due to 
intentional polarization scrambling. The results show that if the changes in the 
environmental conditions are small, only small changes in PMD will be observed. 
 
A sudden increase in wind speed is observed in region B. During this period the PMD 
readings are more scattered as compared to region C. This is attributed to the combined 
effect of intentional polarization scrambling and unintentional polarization as a result of 
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Figure 8.7: The fluctuation of (a) PMD measured on Link B with input and output polarization 
scrambling, and (b) temperature and wind speed as a function of time.  
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high wind speed. Furthermore, a decrease in the measured PMD is observed. This 
correlates rather well with the decrease in temperature.  
Region C in Figure 8.6 (a) shows a gradual increase in PMD. This correlates rather well 
with the change in temperature shown in Figure 8.6 (b). During this period the wind speed 
was quite high and remains more or less constant, but its contribution to the change in 
birefringence and mode coupling is rather low. The tension caused by the movement of 
the cable is likely to be very small compared to the tension caused by the rapid change in 
temperature. Furthermore, note that at constant wind speed, there will be little change in 
the tension of the cable. Furthermore, PMD was more scattered as a results of the increase 
in temperature.   
 
 To obtain the true mean PMD of the fibre, PMD was monitored over a period of 2 weeks 
with input and output polarization scrambling. This is the first long term (over a week) 
study conducted in South Africa by our research group. Over 150000 data points were 
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Figure 8.8: The Gaussian distribution of the measured PMD on Link B. Bin size=0.02 ps. 
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collected. Figure 8.7 shows the PMD on Link B, measured every 5 minutes and the 
temperature and wind speed monitored over the same period, respectively. Each PMD 
data point was an average of 40 PMD readings.  
Figure 8.7 (a) shows that there is high degree of PMD scattering throughout the 
monitoring period. This is attributed to intentional polarization scrambling as well as 
unintentional polarization scrambling as a result of SOP changes induced by the 
environmental conditions (wind and temperature changes). Furthermore, a correlation 
between measured PMD and the wind speed and temperature is observed.  
Distribution of the PMD data is plotted as a histogram in Figure 8.8. A good Gaussian fit 
is obtained with the PMDmean= 0.61 ps and a standard deviation (σ) of 0.07 ps. This 
indicates how close the measured PMD is to the true PMD of the optical fibre link. 
Another feature to note is the difference between the standard deviation in Figure 8.8 and 
Figure 8.3 (c) and (d). The difference is attributed to the difference in the number of data 
sample used; the larger the data sample (figure 8.8) the better the standard deviation.    
8.4 Summary 
The effect of cabling on PMD was investigated in this study. The results show that some 
of the fibres show a significant sensitivity in PMD during the cabling process, especially 
those fibres with high PMD before cabling. There was no significant increase on the PMD 
measured on fibre with low PMD before and after cabling. An increase in PMD of up to 3 
times the PMD of the fibre before cabling was observed. This was attributed by either 
birefringence or large mode coupling site introduced during the cabling process.  
The time evolution of PMD in deployed aerial optical fibre cables was monitored using 
GINTY with and without input and output polarization scrambling. For comparison, the 
time evolution of PMD on undeployed aerial optical fibre cable was also investigated. 
The results show that, if polarization scrambling is not performed, even when several 
measurements are taken, no additional information can be retrieved and the PMD 
measured does not reflect the true PMD of the fibre. This is because not all segments of 
the FUT contribute to the measured PMD. When input and output polarization scrambling 
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is performed, the results scattered more about PMDmean = 1.34 ± 0.17 ps and the 
distribution of PMD is broader than the PMD measured (PMDmean = 1.38 ± 0.02 ps) 
without polarization scrambling. This PMDmean is more reliable than with no polarization 
scrambling, since it is sampled across all possible SOPs. 
For deployed aerial cable, it was found that there are fluctuations in PMD readings 
irrespective of whether polarization scrambling was performed. These fluctuations are 
attributed to unintentional self scrambling resulting from a topological effect as well as 
the change in the birefringence and mode coupling of the fibre. When polarization 
scrambling is performed, rapid fluctuations of PMD are observed. These fluctuations are 
due to intentional input and output polarization scrambling and unintentional polarization 
scrambling as a result of SOP changes resulting from the Berry phase effect induced by 
wind variation and the change in birefringence and mode coupling along the optical fibre 
link as a result of the temperature and wind changes. It was found that when the sun sets, 
the PMD decreases as a result of the change in temperature. When comparing the 
fluctuation of PMD measured on undeployed and deployed aerial optical fibre cable, it 
was found that the Gaussian distribution obtained on deployed cable is broader than the 
distribution of PMD measured without polarization scrambling on undeployed cable. This 
was attributed to unintentional polarization scrambling in deployed optical fibre cable.  
The effect of environmental conditions on PMD was investigated in section 8.3. The 
results show that the change in environmental conditions has a major effect on PMD 
measured without polarization scrambling. At low temperature and wind speed, the 
results show that there are small changes in PMD whereas at high wind speed and low 
temperature, rapid fluctuations of PMD are observed. These are attributed to the Berry 
phase effect and the change in mode coupling and birefringence of the fibre. An increase 
in PMD is observed at high temperature and low wind speed. Furthermore, a general 
decrease in PMD is observed when the temperature decreases. When input and output 
polarization scrambling is performed, the fluctuations of PMD are observed throughout 
the monitoring period. Furthermore, in certain regions a correlation between the 
temperature and wind speed is observed.  
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PMD was measured over a 2-week period with input and output polarization scrambling. 
The results show that there exists a correlation between the wind speed and temperature. 
A good Gaussian fit was observed and the PMDmean obtained reflects the true mean PMD 
of the optical fibre link.  
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C H A P T E R  9  
CONCLUSIONS 
In this study, two polarization effects (the state of polarization (SOP) and polarization mode 
dispersion (PMD)) in optical fibre cable were investigated. The fluctuation of polarization 
effects in optical fibres introduces errors in fibre optic communication systems. The 
fluctuation of polarization effect due to environmental conditions is an important issue in an 
optical fibre transmission system, especially for aerial optical fibre cable since they are 
deployed in a dynamic environment. This is the first substantial research carried out in South 
Africa about SOP fluctuations in buried and aerial optical fibre cable and PMD fluctuation in 
aerial optical fibre cable.  
The variation of SOPs in buried and aerial optical fibre cables 
Causes of SOP changes in a fibre: the Berry phase effect and the change in birefringence and 
mode coupling. It was shown that the SOP fluctuates slowly in buried optical fibre cable, 
however isolated events with rapid SOP changes were observed as a result of the disturbed 
patchcord. Large and small SOP variations were observed in aerial optical fibre cable. SOP 
fluctuations with large amplitudes (in the order of 0.2) were observed during the day while 
small amplitudes (in the order of 0.005) were observed at night. Rapid SOP variations in 
aerial optical fibre cables were attributed to changes in the environmental conditions, namely 
the global radiation, temperature and wind changes.  
In buried optical fibre cable the SOP change slowly (of the order of hours), while in aerial 
optical fibre cable the SOP changes rapidly (of the order of milliseconds). The degree of 
change depended on the time of the day and consequently the environmental conditions. 
Furthermore, the SOP changes in aerial optical fibre cable showed a significant correlation 
with the global radiation and the temperature and wind changes. The SOP change were 
typically within the range of 0 - 1.5° (buried cable) and 0 - 90° (aerial cable) with the largest 
SOP change of 41.8° and 175.6°, respectively. Most of the SOP changes with large angle (> 
90°) in aerial optical fibre cable occurred only once. The largest SOP changes were 
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attributed to movement of aerial optical fibre cables at high wind speed, whereas in buried 
cable it was due to a patchcord disturbance.  
It was found that the ACF of the SOP in aerial optical fibre cable decorrelate quite quickly 
during the day (of the order of 9.6 minutes), whereas it remains correlated at night (of the 
order of 30.4 minutes). During the day the properties of the optical fibre change rapidly as a 
result of the rapid environmental changes, whereas at night the environmental conditions 
change relatively slowly. The ACF of the SOP is useful in that it provides information 
regarding the required speed of the polarization mode dispersion compensator (PMDC). The 
PMDC in aerial fibre optical fibre cable must respond faster (of the order of milliseconds) 
than in buried optical fibre cable. Furthermore, when designing the PMDC to be deployed in 
aerial optical fibre cable, one has to take into account the effect of wind and temperature. 
The characteristic vibrational frequencies of the fibre were found to correspond to the 
vibrational frequency of the cable induced by wind.   
The effect of cabling on the PMD 
It was shown that some of the optical fibre shows a significant sensitivity in PMD during the 
cabling process, especially optical fibre with high PMD before cabling. Furthermore, there 
was no significant increase on the PMD measured on fibre with low PMD before cabling. An 
increase of up to 3 times the PMD of the optical fibre was observed after the cabling process.  
The fluctuation of PMD optical fibre cable 
It was shown that the PMD reading obtained in undeployed aerial optical fibre cable does not 
change if polarization scrambling is not performed. This is attributed to using single input 
and output SOPs. Furthermore, even if several measurements are taken using the same input 
and output SOPs, no additional information can be retrieved and the PMD measured does not 
reflect the true PMD of the fibre. This is because not all segments of the optical fibre link 
contribute to the measured PMD. However, there is variation in the PMD readings obtained 
in aerial optical fibre cable when polarization scrambling is not performed. These variations 
are attributed to the Berry phase effects due to wind and the change in birefringence and 
mode coupling of the optical fibre cable as a result of the variation in environmental 
conditions (temperature and wind). Rapid fluctuations in PMD readings were observed when 
  
90
intentional polarization scrambling is performed in undeployed and deployed aerial optical 
fibre cables. In undeployed cable, this was attributed to using different input and output 
SOPs, and not from a change in the fibre properties (such as birefringence and mode 
coupling). In contrast for deployed aerial optical fibre cable, the fluctuation in PMD readings 
was attributed to the combined effect of intentional polarization scrambling, and the change 
in the SOP as a result of the Berry phase effect, and a change in birefringence and mode 
coupling. This PMDmean obtained when polarization scrambling is performed was more 
reliable than with no polarization scrambling, since it is sampled across all possible SOPs. 
Irrespective of whether the optical fibre cable provide unintentional self scrambling, input 
and output polarization is crucial to get a reflection of the true PMD of the optical fibre link.  
The effect of environmental conditions on the PMD of optical fibre cables 
It was shown that the environmental conditions (temperature and wind) play a major role in 
changing the PMD of the optical fibre link. At high wind speed and high temperature, rapid 
fluctuations of PMD were observed as a result of a change in the output SOP. The SOP 
changes can be attributed to the wind as a manifestation of the Berry phase effect. 
Furthermore, they are caused by a change in the birefringence and mode coupling as a result 
of tension induced on the optical fibre cable by temperature and wind. It was shown that at 
high wind speed and low/constant temperatures, the PMD readings fluctuate rapidly as a 
result of the SOP change due to the Berry phase effect. At high wind speed, aerial optical 
fibre cables provide unintentional self scrambling, where the measured PMD is averaged 
over large SOP samples.  
At low wind speed and temperature, it was found that there are no rapid fluctuations in PMD. 
The PMD reading changes very slowly as a result of small changes in birefringence and 
mode coupling of the fibre.  
It was found that there is a gradual increase in PMD when the temperature increases and visa 
versa. This is attributed to internal stress induce by the temperature changes that makes 
birefringence to depend linearly on temperature. Furthermore, when the temperature changes 
(increase or decrease), mode coupling sites may be introduced or disappear along the fibre 
length due to thermal expansion and contraction of buffering and coating materials. When 
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new mode coupling sites are introduced, the PMD decreases, whereas when the mode 
coupling site disappears, the PMD of the fibre increases.  
Finally, it was shown that when polarization scrambling is performed, rapid SOP fluctuations 
are observed throughout the monitoring period. This was attributed to intentional 
polarization scrambling and unintentional self scrambling of the aerial optical fibre cable. 
Furthermore, the temperature and wind speed correlate with the measured PMD reading. It 
was also shown that, long term monitoring of PMD is essential to get a good reflection of the 
true PMD of the fibre. 
 
